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Abstract 
The long-term serviceability of reinforced concrete (RC) structures such as bridges is a growing 
concern due to the accumulated corrosion damage on the tensile reinforcement caused by de-
icing salts and from exposure to seawater coastal environment. This issue coupled with fatigue 
damage caused by cyclic loading on an aging infrastructure have led to the development of fiber 
reinforced polymer (FRP) building and strengthening materials since the mid 1990’s. More 
recently over the past decade fiber reinforced cementitious matrix (FRCM) sheets have been 
introduced as an alternative to FRP sheets in strengthening RC structures. An experimental 
program is carried out on large-scale flexure critical reinforced concrete beam specimens 
subjected to corrosion damage of the tensile reinforcement. The specimens were tested under 
monotonic and cyclic loading configurations after being rehabilitated with FRCM composite 
systems. The targeted corrosion mass loss of the tensile reinforcement was moderate (10 %) and 
severe (20 %). The strengthening consisted of two layers of FRCM sheets applied on the tensile 
face of the beam along the clear span and partially wrapped 75 mm up the sides of the beam with 
the primary direction of the fabric being in the longitudinal direction. In addition, 100 mm wide 
FRCM U-wraps were placed at the loading points and near the supports. Two types of FRCM 
being C-FRCM and PBO-FRCM were included in this study to compare their overall 
effectiveness in improving the structural performance of corroded RC beams. Furthermore, one 
specimen was strengthened with G-FRP sheets to compare its effectiveness to the FRCM 
strengthening systems under monotonic loading. Longitudinal cracking, rebar mass loss, and 
reduced structural performance are included based on the damage done by corrosion. The load-
deflection response, the strain development in the fabric and concrete, and the mode of failure 
are presented for the monotonic testing. Fatigue cyclic test results include the fatigue life, 
stiffness degradation, progression of the longitudinal strains, and the degradation of the specimen 
up to failure. The results showed the FRCM systems increased the static ultimate capacity and 
improved the fatigue stiffness and fatigue life of the corrosion damaged RC beams. 
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2)⁄  
𝑰𝒄𝒐𝒓𝒓𝑻 Corrosion activity index (𝑚𝐴 ∗ 𝑑𝑎𝑦𝑠 𝑐𝑚
2)⁄  
𝑰𝒅 Current density (𝜇𝐴 𝑐𝑚
2⁄ ) 
𝑰𝒈 Gross moment of inertia (𝑚𝑚
4) 
𝑰𝒕𝒆𝒏 Current working towards corroding the tensile steel (𝑚𝐴) 
𝑰𝒕𝒆𝒏% Percentage of the current applied to the tensile rebar (%) 
𝒊 Iteration 
𝑱𝒓 Instantaneous corrosion rate (𝑔 /𝑐𝑚
2/ 𝑦𝑒𝑎𝑟) 
𝑲𝒇 FRCM equivalent axial stiffness 
𝑳𝒃 Bond length (𝑚𝑚) 
𝑳𝒔𝒕𝒊𝒓 𝒄𝒐𝒓 Length of the stirrup that is subjected to corrosion 
𝑳𝒕𝒆𝒏 Length of the tensile rebar that is not protected with liquid rubber at the ends 
(𝑚𝑚) 
𝒍𝒆𝒇𝒇 Effective bond length of FRCM (𝑚𝑚) 
𝑴𝒎𝒂𝒙 Maximum moment (𝑘𝑁𝑚) 
𝑴𝒓 Theoretical ultimate moment capacity (𝑘𝑁𝑚) 
𝑴𝒓𝒆𝒔 Residual ultimate moment capacity (𝑘𝑁𝑚) 
𝑴𝒕𝒉𝒄 Theoretical ultimate moment capacity (𝑘𝑁𝑚) 
𝑴(𝒙) Moment along the beam (𝑘𝑁𝑚) 
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𝒎 Corrosion mass loss (𝑔) 
𝒎𝒊 Initial mass of the tensile rebar (𝑔) 
𝒎𝒊𝒍 Initial mass per unit metre of the tensile rebar (𝑔) 
𝒎𝑳 Corrosion mass loss (g) 
𝒏 Iron valence electrons (2) 
𝒏𝒇 Number of layers of the FRP/FRCM fabric mesh 
𝒏𝒔𝒕𝒊𝒓 Number of stirrups 
𝒏𝒕𝒆𝒏 Number of Tensile rebar 
𝑷 Maximum load applied at the midspan (𝑘𝑁) 
𝑷𝒅𝒆𝒃 FRCM debonding load (𝑘𝑁) 
𝑷𝒆 Experimental ultimate load capacity (𝑘𝑁) 
𝑷𝒓 Metal loss rate/corrosion penetration rate (𝑚𝑚 𝑑𝑎𝑦)⁄  
𝑷𝒕 Theoretical ultimate load capacity (𝑘𝑁) 
𝑷𝒖 Ultimate load (𝑘𝑁) 
𝑷𝒚 Load at which the tensile steel yields (𝑘𝑁) 
𝑹 Reaction at the supports (𝑘𝑁) 
𝑺𝑨 Surface area of the corroded tensile steel (𝑐𝑚2) 
𝑺𝑨𝒔𝒕𝒊𝒓 Surface area of the stirrups corroded (𝑚𝐴) 
𝑺𝑨𝒕𝒆𝒏 Surface area of the tensile rebar (𝑚𝑚
2) 
𝑺𝑨𝑻𝑶𝑻 Total surface area of the corroded steel (𝑚𝑚
2) 
𝑻 Corrosion duration (𝑑𝑎𝑦𝑠) 
∑𝑻 Sum of the tension forces (𝑘𝑁) 
𝑻𝒇 Force in the longitudinal FRP/FRCM system (𝑘𝑁) 
𝑻𝒔 Tensile rebar force (𝑘𝑁) 
𝑻𝒔
′  Force in the longitudinal steel near the beam compressive face (in tension) 
(𝑘𝑁) 
𝒕 Time (𝑠) 
𝒕𝒇 Thickness of one FRP sheet (𝑚𝑚) 
𝑽(𝒙) Shear force along the beam (𝑘𝑁) 
𝑾 Equivalent weight of steel (27.9 g) 
𝑾𝒃 Bond width (𝑚𝑚) 
𝑾𝑫𝑳 Distributed dead load of the beam (𝑘𝑁 𝑚⁄ ) 
𝒘𝒇 Width of the FRCM sheet (𝑚𝑚) 
𝒙 Distance from the left support (𝑚𝑚) 
𝒚𝒃𝒐𝒕 The distance to the neutral axis from the bottom of the beam (assuming there 
is no steel reinforcement) (𝑚𝑚) 
𝜶 Atomic weight of iron (55.85 𝑔/𝑚𝑜𝑙) 
𝜶𝒎 Metal loss factor 
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𝛼𝟏 Equivalent stress block factor 
𝜷𝟏 Equivalent stress block factor 
𝜹𝒖 Ultimate deflection (𝑚𝑚) 
𝜹𝒚 Deflection at which the tensile steel yields (𝑚𝑚) 
𝜺𝒄 Concrete compressive strain 
𝜺𝒄
′  Compressive strain of unconfined concrete 
𝜺𝒄𝒖 Concrete rupturing strain 
𝜺𝒇𝒆 Effective tensile strain in the FRCM at failure 
𝜺𝒇𝒊 FRP/FRCM strain under the beam self weight 
𝜺𝒇𝒖 FRP/FRCM rupturing strain 
𝜺𝒔 Strain of the tensile reinforcement 
𝜺𝒔
′  Strain of the longitudinal steel near the compressive face 
𝜺𝒔𝒃
′  Strain of the longitudinal steel near the beam compressive face 
𝜺𝒚 Strain at which steel yields 
𝝆 Steel reinforcement ratio 
𝝆𝒇 Fiber reinforcement ratio 
𝝉𝒎𝒂𝒙 Shear capacity of the FRCM bonded to concrete (𝑀𝑃𝑎) 
𝜸𝒄 Density of concrete (𝑘𝑁 𝑚
3⁄ ) 
𝜸𝒔𝒕 Steel density (7.85𝑔 𝑐𝑚
3⁄ ) 
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List of Abbreviations 
Abbreviation Description 
ACI American Concrete Institute 
ASCE American Society of Civil Engineers 
ASTM American Standards for Testing and Materials 
B-FRCM Basalt fiber reinforced cementitious matrix 
𝑪𝒂𝑪𝑶𝟑 Calcium carbonate 
CAD Canadian 
𝑪𝒂(𝑶𝑯)𝟐 Calcium hydroxide 
C-FRP Carbon fiber reinforced polymer 
C-FRCM Carbon fiber reinforced cementitious matrix 
𝑪𝟔𝑯𝟏𝟐𝑵𝟒 Hexamethylenetetramine 
CM Cementitious matrix 
𝑪𝑶𝟐 Carbon dioxide 
CSA Canadian standards association 
DB FRP progressive debonding 
DB-SR FRCM debonding followed by rupturing of one of the tensile steel bars 
DC Direct current 
𝒆− Electron 
𝑭𝒆 Iron 
𝑭𝒆𝟐+ Ferrous 
𝑭𝒆(𝑶𝑯)𝟐 Ferrous hydroxide 
𝑭𝒆(𝑶𝑯)𝟑 Ferric hydroxide 
𝑭𝒆𝟐𝑶𝟑 ∙ 𝑯𝟐𝑶 Hydrated ferric oxide (rust) 
FRCM Fiber reinforced cementitious matrix 
FRP Fiber reinforced polymer 
FS-DB Fabric slippage followed by debonding at the matrix/concrete interface 
FS-SR Fiber slippage from the matrix followed by rupturing of one of the tensile 
steel rebar 
G-FRCM Glass fiber reinforced cementitious matrix 
G-FRP Glass fiber reinforced polymer 
𝑯𝑪𝒍 Hydrochloric acid 
𝑯𝟐𝑪𝑶𝟑 Carbonic acid 
𝑯𝟐𝑶 Water 
LVDT Linear variable differential transducer 
MC-FS Matrix cracking followed by significant fabric slippage at the fabric/matrix 
interface 
MTS Material testing system 
NACE National Association of Corrosion Engineers 
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NaCl Sodium chloride 
𝑶𝟐 Oxygen 
𝑶𝑯− Hydroxide 
pH Potential hydrogen 
PBO Polyparaphenylene benzobisoxazole 
PBO-FRCM Polyparaphenylene benzobisoxazole fiber reinforced cementitious matrix 
PSY Percentage of the static yield load 
PMCM Polymer modified cementitious matrix 
RC Reinforced concrete 
SY-CC Steel yielding followed by concrete crushing 
TRC Textile reinforced concrete 
US United States 
UV Ultraviolet 
1 
 
Chapter 1 – Introduction 
1.1 General 
Corrosion of reinforced concrete (RC) structures is a growing concern for engineers and 
infrastructure owners. The main causes of corrosion are de-icing salts or exposure of RC to a 
seawater coastal environment. The corrosion products when formed build up at the 
concrete/rebar interface and causes internal stresses in the concrete that induces cracking and 
spalling of concrete. The cross-section area of a corroded rebar is reduced, and the bond between 
the steel and concrete is weakened by the lubricating effect of the rust products. (Lounis & 
Daigle, 2008, Broomfield, 2007) 
In addition to corrosion, structures such as bridges are subjected to repeated vehicle loading that 
cause long term fatigue damage. Fatigue damage in concrete is described as the development of 
increasing strains and a decreasing modulus of elasticity as microcracks form and propagate. The 
steel reinforcing rebar experiences fatigue damage due to microcracks forming at locations of a 
high stress concentration such as the root of a rib or reduced steel cross sectional area caused by 
corrosion. The bond at the concrete/rebar interface may also be affected by fatigue loading. 
(Schläfli & Brühwiler, 1998) 
Although failure from corrosion and/or fatigue loading damage to RC structures is rare, the 
maintenance costs associated to corrosion are increasing due to an aging and deteriorating 
infrastructure. Over 25,000 and 55,000 bridges in Canada and the United States (US) are 
classified as structurally deficient, respectively, with corrosion being the leading cause. The 
average age of bridges in Canada and the US is 45 years old. The US $17.5 billion spent on 
updating existing bridges still leaves the US behind by an estimated US $123 billion according to 
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the American Society of Civil Engineers (ASCE). Canada needs to spend CAD $5 billion 
annually in order to renew the current bridge infrastructure. These concerns have incentivised 
research in developing solutions to offset these maintenance costs. (Clinkard, 2018, ASCE, 2017, 
Huijbregts, 2012, “Highways and Bridges,” n.d.) 
Since the mid 1990’s, fiber reinforced polymers (FRP’s) have been proposed as a reinforcing and 
rehabilitation material for RC structures (Arduini et al., 1997, Saadatmanesh et al., 1997, Sharif 
et al., 1994). In particular, FRP sheets, a composite material made up of a fabric mesh composed 
of bundles of fibers that are fully saturated by an epoxy resin have been the subject of an 
intensive research effort worldwide. The fabric is designed to carry high tensile loads, whereas 
the epoxy bonds the fabric to the concrete substrate of a RC structure. More recently and since 
2010, fiber reinforced cementitious matrix (FRCM) sheets have been introduced as an alternative 
composite strengthening material to FRP sheets for RC structures (Bencardino & Ombres, 2010, 
D’Ambrisi & Focacci, 2011, Al-Salloum et al., 2012). FRCM sheets are composed of a similar 
fabric mesh to FRP that contains gaps in between fiber bundles in order to allow an inorganic 
mortar matrix to fully impregnate the fabric and bond to the surface of a RC structure. FRCM 
sheets have many advantages over FRP sheets including being incombustible at high 
temperatures, are resistive to ultraviolet (UV) radiation, and are proficient in wet surface 
application (Alabdulhady & Sneed, 2018, Raoof & Bournas, 2017, Zhao et al., 2017, Bisby et al., 
2013). 
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1.2 Research Objectives 
The objective of the present study is to contribute to the limited works focusing on the 
strengthening of corrosion damaged flexure critical RC beams using FRCM. Monotonic and 
fatigue cyclic loading is included in the present study to address both loading mechanisms. 
Moreover, the severity of the corrosion damage is varied to assess the applicability of FRCM 
strengthening at two different levels of mass loss of the tensile reinforcement. The strengthening 
scheme chosen is also unique in an attempt to enhance the structural performance. Different 
types of FRCM materials (as well as an FRP system for displacement-controlled loading) were 
used in this study to compare their overall effectiveness in strengthening corroded RC beams 
subjected to both loading types. 
1.3 Scope 
To fulfill the objectives of this research, the following procedure was conducted. First, thirteen 
large-scale flexure critical RC beam specimens were prepared. The tensile reinforcement of 
twelve specimens were then subjected to an accelerated corrosion process. The targeted 
corrosion mass loss levels for six specimens were moderate (10 %) and for the other six 
specimens were severe (20 %). Seven corrosion damaged specimens were afterwards 
strengthened with FRCM consisting of carbon or polyparaphenylene benzobisoxazole (PBO) 
fibers and strengthening one additional corrosion damaged specimen with glass FRP. The RC 
beam specimens were later tested in a four-point bending setup under a monotonic and cyclic 
loading configuration. A total of eight beams including the FRP strengthened specimen were 
tested monotonically and six beams were tested under cyclic loading. Once the specimens were 
tested to failure the corroded tensile rebar was removed and underwent a gravimetric mass loss 
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analysis. Moreover, a comparison between the theoretical and experimental ultimate capacities 
of the monotonically tested specimens is presented. 
1.4 Thesis Outline 
This thesis is organized in the following six chapters: 
Chapter 1 – Introduction 
This chapter includes a general background, research objectives, scope, and a thesis outline. 
Chapter 2 – Literature Review 
This chapter includes the literature review that covers the following topics: reinforced concrete 
(RC) corrosion, fiber reinforced polymer (FRP) and fiber reinforced cementitious matrix 
(FRCM) strengthening materials, strengthening RC beams with FRP or FRCM, strengthening 
RC beams that have been subjected to corrosion damage. In addition, this chapter covers fatigue 
loading of RC beams, fatigue loading of corroded RC beams, fatigue loading of strengthened RC 
beams, and fatigue loading of corroded and strengthened RC beams. 
Chapter 3 – Experimental Program 
This chapter defines the experimental testing program that was conducted. It includes the 
purpose of the experimental investigation, the preparation of the RC beams, the accelerated 
corrosion procedure, the FRP and FRCM composite materials used, the strengthening scheme 
and installation of the composites, and the instrumentation and test setup. 
 
 
5 
 
Chapter 4 – Experimental Results 
This chapter presents the corrosion observations and the monotonic and cyclic fatigue testing 
results. 
Chapter 5 – Theoretical Ultimate Capacity Calculations 
This chapter provides a comparison between the experimental ultimate capacity of the specimens 
in chapter 4 with a theoretical ultimate capacity. 
Chapter 6 – Conclusions and Recommendations for Future Work 
This chapter outlines the conclusions of this research and provides recommendations for future 
work. 
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Chapter 2 – Literature Review 
2.1 Reinforced Concrete Corrosion 
Corrosion of reinforced concrete (RC) structures is a major issue experienced worldwide. This 
phenomenon has specifically been a leading factor in the degradation of highway bridges 
(“Highways and Bridges,” n.d.). According to the American Society of Civil Engineers (ASCE), 
approximately 55,000 bridges in the US are structurally deficient. The average age of bridges in 
the US is 45 years old. This number has the potential to grow when taking into account all the 
bridges in the US by age (and also the significance of deck area) as shown in Fig. 2.1 (NACE 
International, 2012). Corrosion of the reinforcing steel in deck slabs, girders and beams is one of 
the leading contributors of the degradation of bridges. This translates to an annual US $17.5 
billion being spent on upkeeping the damaged bridges. Due to inadequate spending on 
maintenance and repair, it is estimated the backlog of money needing to be invested in bridges is 
approximately US $123 billion. (ASCE, 2017) 
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Figure 2.1: Statistics of bridges in the US as of 2010 by age, and total deck area. (NACE 
International, 2012). 
The main cause of bridge corrosion is de-icing salts falling onto the deck slabs, leading to 
chloride penetration and corrosion of the underlying steel. The corrosion damage most often 
leads to the bridges no longer meeting the serviceability requirements and rarely results in bridge 
decks or other components losing their structural integrity and collapsing. (“United States 
Government,” 2015, Lounis & Daigle, 2008) 
In Canada, corrosion is one of the leading causes of degradation of infrastructures, and over 
25,000 bridges are classified as structurally deficient (“Critical Concrete,” 2013). The average 
age of bridges in Canada is also 45 years. Canada needs to invest CAD $5 billion per year to 
meet the need of maintaining bridge infrastructure (Huijbregts, 2012). (Clinkard, 2018) 
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The Gardiner expressway built 1955 through 1966 has experienced concrete spalling originating 
from de-icing salts. Since 2012, CAD $15 million is being spent every year until 2022 to 
rehabilitate the Gardiner expressway. (Casey, 2012)  
Montreal’s Champlain bridge (opened 1962) has been spending millions of dollars on repairs due 
to corrosion from de-icing salts (“Champlain Bridge,” 2015). CAD $80 million and CAD $127 
million were spent as examples in 2013 and 2015 respectively (“Champlain Bridge,” 2015, 
“Champlain Bridge,” 2014). These costs are due to the condition of the bridge, and the 60 
million vehicles that travel on it each year. Consequently, of those costs it was decided to have a 
new CAD $4 billion Champlain bridge that opened in July, 2019 (“New Champlain,” 2019, “The 
new Champlain”, 2018). Although corrosion of RC does not usually lead to structural complete 
collapse, a few examples of this are the Algo Centre Mall roof in Eliot Lake, ON in 2012 (Hunt, 
2013), and the pedestrian bridge at the Lowe’s Motor Speedway in Concord, North Carolina in 
2000 (Heidersbach, 2018).  
2.1.1 Corrosion Mechanism 
Reinforced concrete contains hydroxides that have a high alkalinity of 12-13 pH allowing the 
formation of a passive layer on the surface of the embedded steel. The passive layer protects the 
steel from acidity (low potential hydrogen (pH)). In order for corrosion to occur, the passive 
layer must be depassivated due to carbonation or chloride attack. (Broomfield, 2007) 
The first step in the corrosion of the reinforcing steel bars is the anodic (oxidation) (eq. 2.1) and 
cathodic (reduction) (eq. 2.2) redox half reactions. The anodic reaction is the iron, 𝐹𝑒, dissolving 
in the water, 𝐻2𝑂,  to become ferrous, 𝐹𝑒
2+, in the concrete pores and giving up electrons, 𝑒−. 
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The cathodic reaction works along side the anodic reaction, taking in the electrons on the steel 
surface as well as consuming 𝐻2𝑂 and oxygen, 𝑂2, as shown in Fig. 2.2. (Broomfield, 2007) 
𝐹𝑒 → 𝐹𝑒2+ + 2𝑒− (2.1) 
2𝑒− +𝐻2𝑂 +
1
2
𝑂2 → 2𝑂𝐻
− (2.2) 
 
Figure 2.2: Anodic and cathodic reactions of the corrosion process. (Broomfield, 2007) 
The resulting 𝑂𝐻− and 𝐹𝑒2+ go through three more reactions in order to form rust. The products 
from these chemical reactions are ferrous hydroxide, 𝐹𝑒(𝑂𝐻)2, ferric hydroxide, 𝐹𝑒(𝑂𝐻)3, and 
hydrated ferric oxide, 𝐹𝑒2𝑂3 ∙ 𝐻2𝑂, (rust) shown in eq. 2.3 to eq. 2.5 respectively. (Broomfield, 
2007) 
𝐹𝑒2+ + 2𝑂𝐻− → 𝐹𝑒(𝑂𝐻)2 (2.3) 
4𝐹𝑒(𝑂𝐻)2 + 𝑂2 + 2𝐻2𝑂 → 4𝐹𝑒(𝑂𝐻)3 (2.4) 
2𝐹𝑒(𝑂𝐻)3 → 𝐹𝑒2𝑂3 ∙ 𝐻2𝑂 + 2𝐻2𝑂 (2.5) 
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2.1.2 Carbonation 
Carbonation is the process of carbon dioxide, 𝐶𝑂2, diffusing into the concrete, and reacting with 
the pore water to create carbonic acid, 𝐻2𝐶𝑂3. The 𝐻2𝐶𝑂3 then reacts with the alkaline 
compounds in the pores such as calcium hydroxide, 𝐶𝑎(𝑂𝐻)2, that creates calcium carbonate, 
𝐶𝑎𝐶𝑂3, and other carbonates as shown in eq. 2.6 to eq. 2.7. 
𝐶𝑂2 + 𝐻2𝑂 → 𝐻2𝐶𝑂3 (2.6) 
𝐻2𝐶𝑂3 + 𝐶𝑎(𝑂𝐻)2 → 𝐶𝑎𝐶𝑂3 + 2𝐻2𝑂 (2.7) 
Once enough hydroxide compounds have reacted, the pH drops to a level where the passive layer 
cannot repair itself allowing the steel to corrode. To prevent or slow down carbonation: increase 
the concrete cover to increase the distance the 𝐶𝑂2 must travel, increase the cement content to 
increase concrete alkalinity, and reduce the pores in concrete by proper mixing, vibrating, and 
curing to allow less 𝐶𝑂2 diffusion. Having wet/dry cycles can also increase the process of 
carbonation by allowing 𝐶𝑂2 in during a dry cycle, and allowing water in for the 𝐶𝑂2 to react 
with in eq. 2.6. (Broomfield, 2007) 
2.1.3 Chloride Attack 
Chlorides are most commonly found in RC from the diffusion of de-icing salts or seawater 
exposure. Chlorides can also be casted into concrete from contaminated aggregates and chloride 
set accelerators accepted until the 1970’s. Chloride diffusion is where chloride ions are absorbed 
into the concrete pores. The further into the depth of the concrete, the less chloride concentration 
exists. Chlorides act as a catalyst that react with the passive layer that gives up oxides. This in 
turn causes corrosion as shown in Fig. 2.3. (Broomfield, 2007) 
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Figure 2.3: Recycling of chlorides that break down the passive layer. (Broomfield, 2007) 
If the chloride/hydroxyl ratio of approximately 0.6 (mostly dependent on the pH of concrete) is 
surpassed, the rate of chlorides breaking down the passive layer will overcome the passive layer 
repairing itself, leading to corrosion. (Broomfield, 2007) 
2.1.4 Corrosion Damage 
The corroded rebar reduces the structural integrity of RC by the loss in yield strength of the steel 
due to the reduction in the steel cross section. The corrosion of steel is also not uniform along the 
bar, this is known as pitting corrosion, where grooves are created in the steel. The largest pits 
along the steel rebar are the weakest areas that will yield first. Pitting corrosion occurs due to the 
electrochemical potential difference of the steel and the strength of the passive layer differing 
along the bar. (Broomfield, 2007) 
The corrosion products (𝐹𝑒2𝑂3) when hydrated are more than six times greater than the volume 
of steel at the concrete/steel interface. This increase in volume leads to tensile stresses inside the 
concrete that eventually cause internal cracking at the steel/concrete interface. Over time as more 
corrosion products accumulate, the internal cracks result in surface cracking, spalling of 
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concrete, or delamination of entire sections of the cover. This phenomenon is illustrated in Fig. 
2.4. (Broomfield, 2007, Lounis & Daigle, 2008) 
Lastly, the corrosion products reduce the bond strength at the steel/concrete interface which can 
be the most significant factor in loss of structural integrity (Broomfield, 2007). The bond 
between steel and concrete is from the following: (1) mechanical gripping of concrete keys on 
steel ribs; (2) chemical adhesion between concrete and steel; (3) friction between concrete and 
steel due to bar irregularities (ACI, 2003).  
 
Figure 2.4: Concrete cracking and spalling from rust product accumulation. (Lounis & Daigle, 
2008) 
A summary of the corrosion damage of RC structures throughout their service life is presented in 
Fig. 2.5.  
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Figure 2.5: Corrosion damage during the service life of RC structures. (Lounis & Daigle, 2008) 
Since the late 1960’s, the importance of preventing reinforcement corrosion in concrete was 
realized. According to Kepler et. al., (2000) Many methods to prevent corrosion, or at least 
slowing down the initiation time of corrosion or the corrosion rate were implemented. These 
methods include alternative reinforcement (epoxy coated steel, galvanized steel, stainless steel, 
or FRP reinforcement), corrosion inhibitors, and alternative concrete mix design (low 
permeability concrete, low water to cement ratio, or mineral admixtures). 
Although these methods can be useful with casting new RC, they do not address the growing 
need to repair existing corroded RC structures. 
 
 
 
14 
 
2.1.5 Accelerated Corrosion 
The natural corrosion process can take years and decades to corrode to a level that will cause 
spalling of concrete or have a significant impact on the structural performance of reinforced 
concrete structures. This length of time may be unsuitable for conducting research work in 
laboratory settings. For this reason, many researchers have been attempting to speed up the 
corrosion process. 
Accelerated corrosion is typically done by speeding up the chloride attack process. Sodium 
chloride (NaCl) is either casted into the concrete by weight of cement or is rapidly penetrated 
into the concrete through its dissolution in water. Water is supplied by either being mist sprayed 
onto the RC or partially submerging the RC in a water or a saltwater bath. Some researchers have 
also included wet and dry cycles as well as this is experienced in the field environment such as 
with bridges (Lounis & Daigle, 2008). These procedures alone, are enough to significantly 
accelerate corrosion. However, to increase the rate of corrosion even more, a galvanostatic 
impressed current technique has been implemented by many studies. 
The galvanostatic impressed current technique involves a metal that acts as a cathode that has an 
electrochemical potential higher than the steel encased in concrete. The cathode can be casted 
internally into the concrete or can be placed beside the specimen, externally. The steel in the 
concrete acts as the anode. An electrical current is supplied from a DC power supply, where the 
current runs through the cathode into the saltwater pores of the concrete, and finally into the steel 
anode and back into the power supply as a closed circuit. This constant flow of current along 
with the supply of chloride ions quickly breaks down the passive layer and corrodes the steel. 
Table 2.1 shows previous studies using the galvanostatic impressed current technique, the 
specimens used, and how it was implemented. 
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Table 2.1: Previous Studies using the Galvanostatic Impressed Current Technique 
Study Specimen 
Current/ 
Voltage 
Applied 
Current 
Density 
(μA/cm2) 
Corrosion 
Environment 
Cathode 
Wet/Dry 
Cycles 
Elghazy et al. 
(2017) 
Beam 380mA 180 
5 % NaCl cement, 
mist sprayed 
internal SS 
tube 
3 days wet/ 
3 days dry 
Triantafyllou et 
al. (2017) 
Beam 
not 
reported 
not 
reported 
3 % NaCl salt 
bath 
external 
SS rod 
4 weeks 
wet/ 4 
weeks dry 
El-Maaddawy & 
El Rafai (2016) 
Beam 226mAa 200 
3 % NaCl by 
cement, mist 
sprayed 
internal SS 
tube 
2 days wet/ 
2 days dry 
Patil et al. 
(2016) 
Cylinder 3V 
not 
reported 
5 % NaCl salt 
bath 
external 
SS mesh 
 
Al-Saidy et al. 
(2015) 
Beam 488mA 281 
3 % NaCl salt 
bath & 1% NaCl 
cement 
external 
SS bar 
 
Raju (2015) Block 15V 
not 
reported 
5 % NaCl salt 
bath 
internal SS 
bar 
 
Xie & Hu 
(2013) 
Beam 
not 
reported 
not 
reported 
3 % NaCl salt 
bath 
external 
copper 
mesh 
1 day wet/ 2 
days dry 
Abosrra et al. 
(2011) 
Block 400mA 17650a 
3 % NaCl salt 
bath 
external 
graphite 
rods 
 
Gadve et al. 
(2009) 
Cylinder 100mA 1740 
3.5 % NaCl salt 
bath 
external 
SS mesh 
 
Yuan et al. 
(2007) 
Beam 1000mA 1000-2000 
5 % NaCl salt 
bath 
internal SS 
bar 
 
El-Maaddawy & 
Soudki (2005) 
Beam 215mA 150 
2.25 % NaCl by 
cement, mist 
sprayed 
internal SS 
tube 
 
El-Maaddawy & 
Soudki (2003) 
Block 
21-106 
mAa 
100, 250, 
350, 500 
5 % NaCl cement, 
wrapped burlap 
wetted daily 
internal SS 
tube 
 
(a) Not reported. Estimated based on reinforcement size and dimensions. 
When using this technique, if the current is supplied constantly, Faraday’s law can be used to 
estimate the mass loss, 𝑚 in grams (eq. 2.8). 
𝑚 =
𝛼𝑡𝐼
𝑛𝐹
(2.8) 
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where 𝛼 is the atomic weight of iron (55.85 g/mol), 𝑡 is the time in seconds, 𝐼 is the current in 
Amperes (A), 𝑛 is the number of valence electrons (iron has 2), and 𝐹 is Faraday’s constant 
(96487 C/mol). The current can also be applied in different electrical setups. Triantafyllou et al. 
(2017), Patil et al. (2016), Raju (2015), Xie and Hu (2013), Abosrra et al. (2011), Gadve et al. 
(2009), and Yuan et al. (2007) applied the current in a single specimen. Elghazy et al. (2017), El-
Maaddawy and Soudki (2005), and El-Maaddawy and Soudki (2003) applied the current in 
series. Lastly, Al-Saidy et al. (2016) applied the current in parallel. Fig. 2.6 shows a typical 
single, series, and parallel setup of RC beam specimens with an internal SS bar, submerged in a 
saltwater solution. 
 
Figure 2.6: Galvanostatic impressed current setup. Circuits are from top to bottom: single 
specimen, in series, in parallel. 
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2.2 Fiber Reinforced Polymer 
Fiber reinforced polymer (FRP) is a composite material used in the construction industry. FRP 
can be used as a substitute to reinforcing steel in the form of FRP bars, or can be used to 
strengthen RC structures as a sheet made of fiber bundles (Fig. 2.7).
 
Figure 2.7: FRP: (a) Bars; (b) sheets. (“Untitled photograph”, n.d., Alkhrdaji, 2015) 
The composition of FRP is made of fibers of different types such as glass, carbon, basalt, or 
aramid, and is bonded together by an epoxy resin. The epoxy resin also acts to bond the FRP to 
the concrete surface in the case of FRP sheets. The main purpose of FRP is to carry tensile loads 
as it is relatively weak in compression. When FRP is loaded in tension, its behaviour is 
characterized by a linear stress-strain relationship up to failure. The fundamental failure mode of 
FRP is a sudden brittle rupturing of the fibers. Typical mechanical properties of FRP rebar and 
FRP sheets are presented in Table 2.2 (Soto, 2014) and Table 2.3 (Wu et al., 2007). 
 
 
(a) (b) 
18 
 
Table 2.2: Typical Mechanical Properties of FRP Rebar Compared to Steel Rebar 
Material Ultimate Strength (MPa) Elastic Modulus (MPa) Failure Strain (%) 
Glass 520 – 1210 30 – 55 2 – 4.5 
Carbon 1200 – 2410 150 – 165 1 – 1.5 
Aramid 1200 – 2070 50 – 75 2 – 2.6 
Steel 480 – 690 200 > 10 
 
Table 2.3: Typical Mechanical Properties of FRP Sheets 
Material Ultimate Strength (MPa) Elastic Modulus (MPa) Failure Strain (%) 
Glass 1500 80 1.9 
Carbon 1900 – 3400 230 – 540 0.35 – 1.5 
Aramid 200 – 2500 70 – 120 1.8 – 3.0 
 
FRP materials have distinct advantages. They are much lighter and stronger than steel and 
therefore easy to handle and capable of providing stronger structures. FRP is corrosion resistant, 
unlike steel, leading to long lasting structures. FRP has a more expensive up-front cost, but over 
the structure lifespan can provide savings due to less maintenance requirements. Steel RC, unlike 
FRP RC, needs maintenance due to corrosion damage. Finally, FRP has a low thermal 
conductivity making it a good heat insulator. (Berardi & Dembsey, 2015, Rizkalla & Mufti, 
2012) 
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2.3 Fiber Reinforced Cementitious Matrix 
Fiber reinforced cementitious matrix (FRCM) is a composite material that has been studied in the 
past decade as an alternative to FRP in strengthening RC structures. FRCM is a combination of a 
fiber mesh impregnated by a mortar matrix that is applied to the surface of RC structures (Fig. 
2.8).  
 
Figure 2.8: Installing FRCM on concrete surface. (“FRCM Static,” 2019) 
The fibers mesh provides the tensile strength, while the mortar provides the bonding to the 
concrete substrate as well as bonding to the fibers mesh. Some types of fiber materials include 
glass, carbon and polyparaphenylene benzobisoxazole (PBO). Like FRP, FRCM mainly is used 
to take tensile loads as it cannot resist compression. The behaviour of FRCM under tensile 
loading to failure is characterized by a trilinear stress-strain relationship as shown in Fig. 2.9 and 
as described by Arboleda et al. (2016) and Tumialan and De Luca (2014). The first phase is a 
linear relationship where the matrix is taking the load. Once a certain load is reached the matrix 
begins to crack. Matrix cracking is the initiation at the second phase at which the stress-strain 
stiffness decreases and the load is transferred to the fibers as the matrix undergoes a 
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multicracking process. Once the matrix has finished cracking, the third phase begins. During the 
third phase, only the fibers carry the load, as the mechanical properties of the FRCM are mainly 
determined from the fiber mesh. At the end of the third phase, the load drops slightly as the 
fibers slip from the matrix. Fig. 2.9 also shows how the behaviour of the FRCM material in 
tension is simplified in design to a bi-linear behaviour (ACI, 2013). 
 
Figure 2.9: FRCM stress-strain behaviour and ACI 549.4R-13 (ACI, 2013) simplified design 
diagram. (Tumialan & De Luca, 2014) 
The mechanical properties of FRCM in tension cannot be generalized, but the typical fiber mesh 
material properties under tension can be summarized in Table 2.4 (Tumialan & De Luca, 2014). 
Table 2.4: Typical Mechanical Properties of FRCM System Types 
Fiber type 
Ultimate Strength 
(MPa) 
Elastic Modulus 
(GPa) 
Failure Strain (%) 
AR-Glass 1240 72.4 1.8 
Basalt 2620 86.2 3.0 
Carbon 3790 233.1 1.6 
PBO 5875 273.0 2.5 
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2.3.1 FRCM Advantages 
FRCM sheets have advantages as a strengthening material for RC structures over FRP sheets. 
Most importantly, at high temperatures FRCM is incombustible and the loss in effectiveness is 
less severe than FRP where the epoxy resin decomposes, significantly reducing the strength of 
the FRP system (Raoof & Bournas, 2017, Bisby et al., 2013). FRCM is also porous, allowing 
moisture to diffuse through, whereas FRP sheets are not porous, trapping in moisture that 
reduces the bond integrity to the concrete (Tam et al., 2017, Tumialan & De Luca, 2014). FRCM 
can be applied at low temperatures, although this can slow down the setting time. FRP capability 
degrades under low temperatures, where the bond integrity to concrete is reduced (Tumialan & 
De Luca, 2014). When exposed to light FRCM is resistive to UV radiation, unlike FRP that 
experiences degradation of its mechanical properties (Zhao et al., 2017). Compared to FRP, 
FRCM has low toxicity to the installer (Arboleda, 2014). Unlike FRP, FRCM can be applied to 
wet surfaces (Alabdulhady & Sneed, 2018). The failure mode of FRCM is much more ductile 
than the sudden brittle failure characteristics of FRP materials (Tumialan & De Luca, 2014). 
The flexural/shear strengthening of RC beams with FRP materials has been well investigated in 
the literature for both uncorroded (Ceroni, 2010, Smith & Teng, 2002, Bonacci & Maalej, 2001, 
Triantafillou, 1998, Arduini & Nanni, 1997, Sharif et al., 1994) and corroded RC beams 
(Triantafyllou et al., 2017, Al-Saidy et al., 2016, Almassri et al., 2015, Xie & Hu, 2013, El 
Maaddawy & El Soudki, 2005). However, considering the fact that FRCM is a newer material 
than FRP, only recently similar studies dealing with FRCM based strengthening techniques 
started to attract interest. 
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2.3.2 Bond Performance of FRCM to Concrete 
The first study comparing the bond performance of G-FRCM, C-FRCM, and PBO-FRCM to 
concrete was done by Younis and Ebead (2018). The double lap shear test method was used (Fig. 
2.10) in which FRCM is applied to a fixed concrete prism. The exposed fibers above the concrete 
prism, wrap around a steel plate that is attached to a hydraulic jack used to apply a tensile force. 
The tensile force is applied, until the load drops indicating a loss of effectiveness of the FRCM. 
The design variables used in the experiment were the number of layers of fiber mesh (1 to 2) and 
the bond length (75 mm to 200 mm) of FRCM to concrete.  
 
Figure 2.10: Double lap shear test setup. (Younis & Ebead, 2018) 
The C-FRCM specimens failed by debonding at the fabric/matrix interface. PBO-FRCM 
specimens failed by debonding at the concrete/matrix interface unless the bond length was long 
(200 mm) where the failure would be similar to the C-FRCM specimens. The G-FRCM 
specimens failed by fiber rupture at the steel plate edge, unless the bond length was short (75 
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mm) where the failure would be debonding at the concrete/matrix interface. The glass fibers 
ruptured due to its weaker mechanical properties (55 % and 46 % lower tensile strength to PBO 
and carbon fibers, respectively) and larger fiber bundle spacing (18 mm for glass compared to 10 
mm for carbon and PBO in the primary fabric direction). Additionally, the carbon and PBO fiber 
bundles were spaced 10 mm and 17 mm apart in the secondary direction, meaning the PBO 
primary fibers had more surface area to bond with the mortar in the primary direction, leading to 
a greater fiber interlock, and therefore preventing a debonding at the fiber/matrix interface. The 
shear capacity, 𝜏𝑚𝑎𝑥 of the bonded FRCM is shown in eq. 2.11: 
𝜏𝑚𝑎𝑥 =
𝑃𝑢
2𝐿𝑏𝑊𝑏
(2.11) 
where: 𝑃𝑢 is the ultimate load, 𝐿𝑏 is the bond length, and 𝑊𝑏 is the bond width. It was found the 
average 𝜏𝑚𝑎𝑥 for PBO-FRCM, C-FRCM, and G-FRCM were 552 kPa, 432 kPa, and 355 kPa, 
respectively. It was also found the bond length 𝐿𝑏 was inversely proportional to 𝜏𝑚𝑎𝑥. Increasing 
the number of layers from one to two resulted in the C-FRCM specimens having a higher 𝑃𝑢, due 
to an increased fiber interlock from having more fibers carrying the load, and therefore delaying 
the failure at the fiber/matrix interface. The PBO-FRCM specimens had a slightly lower 𝑃𝑢, due 
to the failure mode being at the concrete/matrix interface, and therefore the increased layers did 
not alter the failure mechanism. The idealized shear stress-strain curves for the failure modes of 
fabric/matrix debonding and FRCM/concrete debonding are shown in Fig. 2.11. In Fig. 2.11 (a), 
the shear stress first increases without any slip, until the load reaches a certain threshold at which 
point there is a rapid increase in slip up to failure for the failure type of fabric/matrix debonding. 
The matrix/concrete failure type experiences a sharp linear increase in shear stress with respect 
to strain, until a sudden debonding at approximately zero strain occurs. 
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Figure 2.11: Shear stress-strain relationships for FRCM failure modes: (a) Fiber/matrix 
debonding; (b) matrix/concrete debonding (Younis & Ebead, 2018). 
D’Antino et al. (2014) tested PBO-FRCM/concrete interface bond behaviour by using the single-
lap shear test method (Fig. 2.12).  
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Figure 2.12: Single lap shear test setup (D’Antino et al., 2014). 
The test parameters included the bonded width (34 mm to 80 mm) and length (100 mm to 450 
mm) of the FRCM. Failure occurred by debonding at the fabric/matrix interface. Unlike with 
FRP concrete joints, the FRCM width made no difference in the ultimate stress, but had more 
variation at smaller widths due to the longitudinal fiber bundles acting independently. The 
effective bond length (length of FRCM when there is no load increase at failure), 𝑙𝑒𝑓𝑓, was 
estimated to be 260 mm based on the strain gauge measurement at the onset of debonding. The 
effective bond length, 𝑙𝑒𝑓𝑓, could not be determined by the maximum load, since the debonded 
fabric still provided some friction resistance. The full typical FRCM bond behaviour mechanism 
is shown in Fig. 2.13 which was the case for the majority of the specimens. The remaining 
specimens failed by fabric rupture due to an uneven load distribution among the fiber bundles.  
From Fig. 2.13 (a), it is observed that segment OA has a linear response, where the applied 
FRCM nearest the load is under stress only. In segment AB the load-slip response is non-linear, 
as some micro-damage develops at the fabric/matrix interface. At point B, 𝑙𝑒𝑓𝑓 is reached and so 
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is the debonding load, 𝑃𝑑𝑒𝑏, where the fibers begin to debond from the matrix closer to the 
applied load. In segment BC the load continues to increase due to the 𝑙𝑒𝑓𝑓 shifting down the 
FRCM, and the debonded region still resists by friction. At point C, the entire length of FRCM is 
either resisting the load by bonding or friction at the fiber/matrix interface. In segment CD the 
load rapidly decreases and in segment DE the load decreases more and more slowly. During 
segments CD and DE, the FRCM bonded length is reducing, and the resistance mechanism of 
friction is becoming greater due to the debonded fabric length increasing. 
 
Figure 2.13: PBO-FRCM bond behaviour: (a) Load-slip response; (b) load-bond behaviour 
(D’Antino et al., 2014). 
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D’Ambrisi et al. (2013) did an investigation of the bond between PBO-FRCM and concrete. 
Specimens were made of two concrete prisms connected at both sides by PBO-FRCM sheets of 
varying length (50 mm to 250 mm) and number of layers (1 or 2) (Fig. 2.14). The prisms 
contained a single steel bar connected to a steel plate at the end of both the prisms that was 
pulled until failure of the PBO-FRCM bond at the fabric/matrix interface. 
 
Figure 2.14: Test setup to debond FRCM (D’Ambrisi et al., 2013). 
It was found longer bond lengths could handle higher loads, strains, and the slippage of the fabric 
at failure. The slippage of the fabric is measured as the change in displacement at any point along 
the FRCM compared to the end of the specimen. When comparing specimens with two layers it 
was found higher loads can be transferred at lower strains, and less slippage of the fabric at 
failure than one-layer specimens. The FRCM strain and fabric slippage was increasingly higher 
towards the centre of the specimen. An effective bond length (length of PBO-FRCM when there 
is no load increase at failure) was found to be roughly 250 mm to 300 mm in the case of a single 
layer of FRCM. 
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2.4 RC Beams Strengthened with FRCM 
Experimental studies have been done on the effectiveness of FRCM as a strengthening material 
of RC beams as summarized in Table 2.5. These studies have covered both shear and flexure 
critical RC beams. The FRCM fabric types used have been basalt, glass, carbon, and PBO 
translating to B-FRCM, G-FRCM, C-FRCM, and PBO-FRCM, respectively. Flexural 
strengthening is when the FRCM is placed on the tensile face of the beam (can also be on the 
side) along the clear span with the primary fabric direction running in the longitudinal direction 
(Figs. 2.15 (a) - (c)). Shear strengthening is when the FRCM is placed on the side(s) of the beam 
or as a U-wrap around the beam (mainly in the shear span) with the primary direction of the 
fabric is in the transverse direction (Figs. 2.15 (b) - (e)). The FRCM takes the load transferred 
from the RC beam at the matrix/concrete interface. This load is further transferred through the 
mortar matrix to the fibers that are being loaded in tension. The studies listed in Table 2.5 have 
also considered additional varying parameters in their research including the number of layers of 
FRCM, the fiber bundle spacing in the mesh in both the primary and secondary directions (Fig. 
2.16), the orientation of the fabric mesh in cases of shear strengthening (Fig. 2.17), the type of 
mortar, the tensile steel reinforcement ratio, the concrete compressive strength, and the overall 
strengthening scheme. Typical flexural and shear strengthening schemes studied are shown in 
Fig. 2.15.  
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Figure 2.15: Typical flexural and shear strengthening schemes: (a) Flexural sheet along bottom 
surface within the clear span; (b) flexural sheet and U-wraps near the supports; (c) flexural sheet 
and U-wrap along clear span; (d) shear U-wrap in the shear critical region; (e) shear U-wrap 
along the clear span. 
 
Figure 2.16: FRCM fiber mesh. 
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Figure: 2.17: Fiber mesh orientation: (left) 0°/90°; (right) 45°/-45°. 
The flexural strengthening schemes are consistent having the primary fabric direction be in the 
longitudinal direction with the fabric applied on the bottom surface of the beam along the clear 
span. There have also been some cases where the FRCM sheet is applied along the clear span at 
the bottom surface and also wrapped up the sides of the beam with the primary direction of fibers 
being in the longitudinal direction (Elghazy et al., 2017, 2018). In this case, the purpose of the 
wrapped up on the sides of the beam is not only for flexural strengthening, but to increase the 
bond surface with the concrete, and to prevent debonding at the concrete/matrix and 
fabric/matrix interfaces. 
The shear strengthening schemes have the FRCM placed either on the side(s) of the beam, or 
wrapped around the bottom and sides of the beam as a U-wrap. The primary fiber direction in 
this case is transverse. This shear strengthening is either done within the shear span, or along the 
clear span. 
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Table 2.5: Studies of FRCM Strengthening of RC Beams 
Study 
RC 
beam 
Material 
sheets 
Strengthening Scheme 
Additional 
Parameters 
Monotonic 
Testing to 
Failure 
Jabr et al. 
(2017) 
Flexure 
critical 
G-FRCM 
C-FRCM 
PBO-
FRCM 
Flexural  
▪ 2 FRCM sheets along 
bottom face of the clear 
span 
▪ 2 layers of FRCM U-
wraps at the loading 
points and near the 
supports 
▪ Low/ moderate 
tensile steel 
reinforcement 
4-point 
bending 
Loreto et al. 
(2015) 
Shear 
critical 
PBO-
FRCM 
Shear 
▪ FRCM U-wrap(s) along 
the clear span 
▪ 1 or 4 layers 
▪ concrete 
strength 
3-point 
bending 
Azam & 
Soudki (2014) 
Shear 
critical 
G-FRCM 
C-FRCM 
 
Shear 
▪ FRCM U-wrap along 
the clear span 
 ▪ or FRCM side bond on 
one side of the beams 
clear span 
▪ Fiber bundle 
spacing in both 
directions 
3-point 
bending 
Babaeidarabad 
et al. (2014) 
Flexure 
critical 
PBO-
FRCM 
 
Flexural 
▪ FRCM sheets along 
bottom face of the clear 
span 
▪ 1 or 4 layers 
▪ concrete 
strength 
3-point 
bending 
Al-Salloum et 
al. (2012) 
Shear 
critical 
B-FRCM 
 
Shear 
▪ FRCM sheets on side 
faces within the shear 
span 
▪ mortar type 
▪ 2 or 4 layers 
▪ fabric 
orientation 
4-point 
bending 
D’Ambrisi & 
Focacci (2011) 
Flexure 
critical 
C-FRCM 
PBO-
FRCM 
C-FRP 
 
Flexural + Shear 
▪ Sheets along bottom 
face of the clear span 
▪ U-wraps along the clear 
span, near the supports, 
or none 
▪ Secondary 
direction fiber 
bundle spacing 
▪ 1-4 flexural 
layers 
▪ mortar type 
4-point 
bending 
D’Ambrisi & 
Focacci (2011) 
Slightly
flexure 
critical 
PBO-
FRCM 
C-FRP 
Flexural + Shear 
▪ Sheets along bottom 
face of the clear span and 
▪ U-wraps along the clear 
span and/or near the 
supports, or none 
▪ width of U-
wraps near the 
supports 
3-point 
bending 
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2.4.1 Failure Modes of Shear Critical FRCM Strengthened Beams 
D’Ambrisi & Focacci (2011) found for shear critical RC beams, FRCM shear strengthening in 
addition to FRCM flexural strengthening could change the failure mode to flexural. When the 
shear strengthening was not enough, the failure mode remained in shear. A shear failure with 
FRCM shear strengthening is described as having a loss of the FRCM capacity along the shear 
failure crack (Loreto et al., 2015, Azam & Soudki, 2014, Al-Salloum et al., 2012, D’Ambrisi & 
Focacci, 2011). Additionally, Loreto et al. (2015) found the increase in the number of layers of 
FRCM could make the failure mode more ductile even if it was still a shear failure. This was 
proven by the increased angle of the diagonal tension (shear) crack (Fig. 2.18). 
 
Figure 2.18: Shear strengthening affecting the shear crack angle (Loreto et al., 2015). 
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2.4.2 Failure Modes of Flexure Critical FRCM Strengthened Beams 
It was found that flexure critical RC beams strengthened in flexure were able to increase their 
performance while able to maintain a flexural failure mode, which is desirable. The flexural 
strengthened RC beams failed in flexure by the yielding of the tensile steel, followed by the loss 
in effectiveness of the FRCM strengthening, and then followed by concrete crushing in 
compression. 
2.4.3 Loss in Effectiveness of FRCM 
The loss in effectiveness of FRCM can occur in the following failure modes as reported by 
D’Ambrisi & Focacci (2011) and is summarized in Fig. 2.19: 
(A) gradual debonding at the fibers/matrix interface that is accompanied with a gradual loss in 
load, followed by an excessive slippage in fibers at the onset of failure. 
(B) A sudden debonding at the matrix/concrete interface and a quick drop in the load. 
(C) Some fiber slipping accompanied in an increasing drop in load followed by a sudden 
delamination at failure at the fiber/matrix interface. 
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Figure 2.19: FRCM load-deflection behaviours and failure modes. (D’Ambrisi & Focacci, 2011) 
2.4.4 Overall Effects of Strengthening with FRCM 
Strengthening RC beams in flexure with FRCM increases the yield and ultimate loads (which is 
most effective with C-FRCM and PBO-FRCM). The pre-yielding stiffness is increased which 
has been especially true for C-FRCM and PBO-FRCM. FRCM U-wraps aid in preventing the 
debonding of FRCM at either the fabric/matrix or concrete/matrix interface. 
Strengthening RC beams in shear increases the ultimate load, the ultimate deflection, and the 
pre-yielding stiffness. 
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2.4.5 Comparison of FRCM Fabric Types 
D’Ambrisi & Focacci (2011) found strengthening RC beams in flexure using C-FRCM and 
PBO-FRCM resulted in similar increases of the yield load.  However, the PBO-FRCM specimen 
had a 30 % increase in the ultimate load compared to 9 % to 18 % for C-FRCM specimens. The 
C-FRCM specimens failure mode was of type (A) (Fig. 2.19) which is more ductile than the 
PBO-FRCM specimen that failed by mode (B). 
Jabr et al. (2017) found G-FRCM and C-FRCM strengthened beams in flexure had less than 5 % 
increase in the ultimate load compared to PBO-FRCM beams with a 25 % to 33 % increase. The 
pre-yielding stiffnesses increased similarly for all FRCM strengthened beams. The yield load 
increased 15 % to 25 % for all FRCM strengthened beams. Moreover, the G-FRCM, C-FRCM, 
and PBO-FRCM had failure modes of type (B), type (A), and type (C) in the shear span, 
respectively. 
2.4.6 Effect of the Number of Layers of FRCM 
Shear strengthening with 4 layers of B-FRCM increased the ultimate load and deflection by 45 
% to 90 % and 70 % to 140 %, respectively compared to the control unstrengthened specimen 
Two layers of B-FRCM could only increase the ultimate load and deflection by 35 % to 40 % 
and 45 % to 90 %, respectively compared to the control specimen. (Al-Salloum et al., 2012) 
Flexural strengthening with one and four layers of PBO-FRCM resulted in the ultimate load 
increasing 10 % to 30 % and 70 % to 90 %, respectively compared to the control specimen. The 
one layered specimen showed a more ductile mode of failure, where the fibers slipped, compared 
to the 4 layered specimens where the FRCM suddenly delaminated from the concrete. 
(Babaeidarabad et al., 2014) 
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Having 1, 2, and 3 flexural PBO-FRCM layers with the same U-wrapping scheme yielded a 0, 28 
%, and 27 % increase in the ultimate load, respectively. (D’Ambrisi & Focacci, 2011) 
1 and 4 layers of U-wraps in the shear span increased the ultimate capacity by 21 % to 26 % and 
51 % to 61 %, respectively. (Loreto et al., 2015) 
2.4.7 Fiber Bundle Spacing 
Azam & Soudki (2014) compared two types of carbon mesh. The first mesh had fiber bundle 
spacing 30 mm in the primary and secondary directions. The second mesh had a reduced fiber 
bundle spacing of 10 mm and 18 mm in the primary and secondary directions, respectively. 
Using a non strengthened specimen as a reference, the increase in ultimate load was 99 % to 105 
% for the second mesh compared to 23 % to 26 % for the first mesh. The specimens with 
decreased fiber bundle spacing experienced a failure mode of crushing in the compressive zone 
followed by C-FRCM debonding. Whereas the specimens with increased fiber bundle spacing 
failed by a diagonal tension (shear) failure. 
When increasing the fiber bundle spacing of PBO-FRCM materials in the secondary direction, 
D’Ambrisi & Focacci, (2011) found an increase of the ultimate load of 10 %. This increase was 
due to an increase of the contact bonding of the fibers in the primary direction with the matrix. 
2.4.8 Orientation of Fabric Mesh in Shear Strengthening 
Al-Salloum et al. (2012) studied the effect of the fiber orientation of B-FRCM from 0°/90° to 
45°/-45° on the shear strengthening. A significant change was only found when the number of 
layers of B-FRCM was increased from two to four, and the polymer modified cementitious 
matrix with superior mechanical properties was used instead of the traditional cementitious 
matrix.  
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2.4.9 Effect of Cementitious Mortar Matrix Type 
Al-Salloum et al. (2012) used a polymer modified cementitious matrix (PMCM) that is higher in 
tensile strength and compressive strength compared to a traditional cementitious matrix (CM) by 
23 % and 34 %, respectively at 28 days. The tensile strength and the ultimate tensile strain of B-
FRCM coupon specimens made with the PMCM were greater compared to the CM by 7 %, and 
79 %, respectively. However, the results of strengthening RC beams in shear with B-FRCM 
using the PMCM were insignificant when compared to using the CM. 
D-Ambrisi & Focacci (2011) compared PBO-FRCM 2-layer flexural strengthening with a U-
wrap near the supports with both M750 and M50 mortars. The matrix M750 is a mortar designed 
specifically for PBO-FRCM despite much weaker mechanical properties of just the mortar itself. 
It was found the beam strengthened with the M750 and M50 mortars had a 38 % and 30 % 
increase in the ultimate capacity compared to the control specimen. Mortar M750 allowed a 
higher strain in the fibers before failure, meaning it can resist higher shear stresses with the PBO-
FRCM. The beam strengthened with M750 mortar also had a more ductile failure mode type (C), 
compared to using the M50 mortar that failed by type (B). 
2.4.10 Effect of the Tensile Steel Reinforcement Ratio 
Jabr et al. (2017) strengthened beams with the same FRCM material and flexural scheme, but 
with 2-10M and 4-10M tensile steel reinforcement equating to a reinforcement ratio, 𝜌 of 0.18 
and 0.36 respectively. The G-FRCM strengthening with 4-10M had a failure mode by debonding 
before the tensile steel yielded. Furthermore, beams strengthened with 2-10M with C-FRCM and 
PBO-FRCM had a slightly higher increase in the ultimate capacity (less than 10 %) compared to 
using 4-10M. 
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2.4.11 Effect of Concrete Compressive Strength 
Strengthening RC beams in flexure with PBO-FRCM with low (29 MPa) and high (43 MPa) 
strength concrete showed a 32 % and 13 % increase of the ultimate capacity with one layer, 
whereas that increase was 92 % and 73 % with four layers. The ultimate capacity was found to 
be higher in FRCM strengthened specimens having low strength concrete, despite the control 
specimen with high strength concrete having a higher ultimate capacity. (Babaeidarabad et al., 
2014) 
Beams strengthened in shear with PBO-FRCM with low (28 MPa) and high (40 MPa) strength 
concrete showed a 21 % and 26 % increase of the capacity for one layer and a 51 % and 61 % 
increase for 4 layers, respectively. (Loreto et al., 2015) 
2.4.12 Effect of the Strengthening Scheme 
Azam and Soudki (2014) compared two strengthening schemes in shear. The first was with a 
side bonded FRCM sheet along the clear span and the second was a FRCM U-wrap sheet along 
the clear span. Both techniques yielded similar load-deflection results. 
Flexure critical beams strengthened with 2 flexural sheets of C-FRCM and U-wrapping schemes 
including 1 layer along the clear span or near the support were found to fail in mode type (A), 
while the beam without any U-wrapping scheme failed by mode type (C). The beams had similar 
load-deflection responses. However, the beam with the U-wrap along the clear span had the 
highest increase in ultimate deflection to the control (18 %). (D’Ambrisi & Focacci, 2011). 
Beams strengthened in flexure with 2 layers of PBO-FRCM and shear strengthening with a PBO-
FRCM U-wrap within the shear span showed a 29 % increase in the ultimate load compared to 
the control specimen, whereas beams strengthened with no transverse PBO-FRCM, resulted in 
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39 % increase of the ultimate capacity. Moreover, beams strengthened with 1 PBO-FRCM 
flexural layer with a continuous U-wrap in the clear span and 1 U-wrap in the shear span was 15 
% and 25 % higher in the ultimate capacity than not having the extra U-wrap in the shear span 
and the unstrengthened control, respectively. The strengthened beams with greater transverse 
reinforcement also transferred the failure mode from shear to flexure, and were able of reaching 
much higher ultimate deflections. (D’Ambrisi & Focacci, 2011) 
2.4.13 Experimental and Theoretical Ultimate Load Capacity 
The theoretical ultimate of strengthened RC beams with FRCM in flexure evaluated using ACI 
549.4R-13 (ACI, 2013) shows good agreement with experimental results.  
The experimental ultimate loads of beams strengthened in shear show that the recommendations 
of ACI 549.4R-13 leads to conservative results. 
2.5 Corroded RC Beams Strengthened with FRCM 
Experimental investigations of the strengthening of RC beams with corroded steel reinforcement 
using FRCM sheets has attracted interest in the past several years. The literature on this subject 
is scarce; the following two critical studies are summarized. 
El Maaddawy and El Refai (2016) was the first publication to study corroded RC beams 
strengthened in flexure with FRCM. RC T-beams were corroded to ranges between 20 % and 25 
% mass loss within the middle 1000 mm of a 3000 mm clear span beam. The repair scheme 
included cleaning the corroded steel, patch repairing the damaged concrete and applying flexural 
sheets of B-FRCM or C-FRCM either on the external face along the clear span along the bottom 
tensile surface of the beam or internally at the centre depth of the cover within the corroded 
region. The rehabilitation was prepared with one, two and four layers of FRCM. The tests were 
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done under a monotonic four-point scheme. It was found that four internal layers of C-FRCM 
was effective in restoring the flexural performance. C-FRCM fabrics were effective in restoring 
the ultimate capacity when they were applied either internally or externally. When two layers of 
C-FRCM was applied both internally and externally, the yield and ultimate capacity were 2 % 
and 39 % higher than the uncorroded control specimen; the authors found this rehabilitation 
scheme the best. The beam strengthened internally with two layers of C-FRCM allowed a higher 
ultimate deflection (69 mm) compared to one layer (41 mm). 
Elghazy et al. (2017) conducted an investigation of PBO-FRCM and C-FRCM flexural 
strengthening on corroded RC beams with 12.5 %, 19 %, and 22 % tensile steel mass loss. 
Before strengthening, the tensile steel was cleaned, the damaged concrete was removed and 
patch repaired and the new concrete surface was then sandblasted. The corroded beams were 
strengthened using two schemes: (I) 2 or 4 layers PBO-FRCM sheets on tensile beam surface 
and a U-wrap near the supports or scheme (II) which was the same as scheme (I), except a U-
wrap ran along the entire clear span and the U-wrap had the primary PBO fibers running in the 
longitudinal direction. Scheme (II) used 4 layers and 3 layers of PBO-FRCM and C-FRCM, 
respectively. Using four-point loading test procedure, the following failure mechanisms were 
found: (1) PBO-FRCM delamination at the fiber/matrix interface for scheme (I); (2) PBO fabric 
slippage with partial fabric debonding for scheme (II); (3) C-FRCM matrix cracking followed by 
extensive fabric slippage. Mechanism (2) was the most ductile whereas mechanism (3) was the 
most brittle. The FRCM strengthening schemes restored the yield and ultimate capacity 
compared to the uncorroded control beams as shown in Fig. 2.20 and Fig. 2.21, respectively. The 
data represented in red dots represent the unstrengthened corroded beams, and the other colours 
refers to corroded and strengthened beams. The nomenclature used in the figure is XY_Z format 
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where X is the number of flexural layers (2, 3, or 4), Y is the FRCM material type (P = PBO, C = 
carbon), and Z is the strengthening scheme (I or II). C-FRCM scheme (II) had a marginal 
increase in ultimate capacity compared to the PBO-FRCM scheme (II) despite having a 146 % 
higher equivalent axial stiffness, 𝐾𝑓 (eq. 2.10 and eq. 2.11). This is attributed to the carbon 
FRCM experiencing premature matrix cracking of mode (3) failure, reducing the bond strength 
with the carbon fabric and eventually slipping at failure at a much lower strain compared to the 
PBO counterpart. The authors defined the fabric stiffness as follows:  
𝐾𝑓 = 𝜌𝑓𝐸𝑓 (2.10) 
𝜌𝑓 =
𝑁𝐴𝑓
𝑑𝑓
(2.11) 
where: 𝜌𝑓 = fiber reinforcement ratio, 𝐸𝑓 = cracked modulus of the FRCM composite, 𝑁 = 
number of layers of fibers, 𝐴𝑓 = fabric area per unit width, and 𝑑𝑓 = effective fabric depth 
Scheme II was more effective than scheme I with PBO fibers due to the continuous U-wrap, and 
the longitudinal primary direction of the U-wrap fabric. 
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Figure 2.20: Normalized yield load to the uncorroded control specimen (based on data from 
Elghazy et al., 2017, 2018). 
 
Figure 2.21: Normalized ultimate load to the uncorroded control specimen (based on data from 
Elghazy et al., 2017, 2018). 
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2.6 Effect of Fatigue on Reinforced Concrete Structures 
RC Structures such as highway bridges and parking garages are naturally subjected to fatigue 
loading. Fatigue loading is due to the unsteady flow of vehicles passing over structural elements 
such as RC beams, girders, or slabs. Fatigue loading has become increasingly a problem for 
structural engineers and owners of infrastructure. There have been few cases of RC structure 
collapses directly attributed to fatigue loading, however the increased weight of trucks, and the 
aging infrastructure, and the previously unforeseen issues caused by corrosion of reinforcing 
steel in concrete has led researchers to propose solutions. The aim is not only to prevent collapse, 
but to reduce the deterioration caused by fatigue loading. Before discussing the behaviour of RC 
subjected to fatigue loading, it is important to separate the performance of concrete and steel 
rebar when independently subjected to fatigue loading. 
Concrete subjected to fatigue loading, whether it be in tension or compression, experiences three 
stages. In the first stage the concrete strain increases rapidly over a short duration. In the second 
stage the concrete strain increases very gradually over a very long duration representing the 
majority of the fatigue life of the concrete. The third stage is where the concrete strain undergoes 
increasingly rapid increases once again over a short duration, until it fails from concrete 
rupturing. The modulus of elasticity of concrete deteriorates throughout its fatigue life from the 
development of microcracks that propagate over time that is especially quick during the third 
stage. Compression and tension fatigue cause cracks to form in the parallel and perpendicular 
directions of the load, respectively. (Schläfli & Brühwiler, 1998) 
Steel rebar subjected to fatigue loading in tension will result in the formation of microcracks 
along the rebar at locations where high stress concentrations exists. These locations can be found 
at the root of ribs, or at reduced cross sections caused by corrosion (Tilly, 1979). Over time these 
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cracks will propagate to reach the critical crack state and sudden brittle fracture can occur. 
(Schläfli & Brühwiler, 1998) 
RC under bending fatigue loading incorporates the fatigue performance of both concrete and 
steel rebar materials. Under bending fatigue, the bond at the concrete/steel interface deteriorates. 
At the same time the concrete undergoes microcracking which leads to flexural cracks in the 
direction of the load that continue to propagate during the fatigue life. The steel rebar also 
experiences cracks initiating at the places of high stress concentration. The deterioration due to 
these three mechanisms continues until either the concrete spalls in compression or the steel 
rebar ruptures. (Schläfli & Brühwiler, 1998) 
The load deflection response of a RC beam under fatigue loading that has constant maximum 
and minimum loads for each cycle has a behaviour that is represented by three phases that are 
mainly controlled by the concrete. In the first phase the deflection increases rapidly. The second 
phase experiences the deflection increase uniformly at a slow rate over a long duration of cycles. 
The third and final phase is where the defection increases rapidly once more until a brittle failure 
occurs of usually the tensile steel fracturing. Occasionally, the compressive concrete can spall if 
the concrete strength is low and the reinforcement ratio is high (Schläfli & Brühwiler, 1998). 
A state-of-the-art review of RC beams subject to fatigue is presented by Tilly (1979) and it 
summarized the following conclusions: 
• Under an equivalent fatigue stress in the reinforcing steel (the fatigue stress in the steel is the 
same, but the applied fatigue loading is different), the fatigue strength of steel decreases with 
the increase of the diameter.  
• Increasing the steel strength has lesser effect on the fatigue life than the static strength. 
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• Random loading produces a lower fatigue strength than constant amplitude loading. 
• Corrosion damaged RC beams subjected to fatigue loading experience more fatigue damage 
when the fatigue loading is at a lower frequency. 
Moreover, Sun et al. (2015) found flexural critical RC beams subject to fatigue loading do not 
show any difference in the static performance. The static performance is in reference to the yield 
and ultimate capacity not changing significantly and the failure mode being ductile after the 
beam has been fatigue loaded to two million cycles. It is important to note, this study did not 
prove the beam would experience the same static performance if it was near the end of its fatigue 
life. 
2.6.1 Effect of Fatigue on Corroded RC Beams 
The effect of corrosion done on the fatigue behaviour of RC beams has been studied (Sun et al. 
2015, Wang et al. 2015, Al-Hammoud et al. 2010, Yi et al., 2010, Oyado et al. 2003). 
Al-Hammoud et al. (2010) casted RC beams and allowed only a 200 mm bond length within the 
shear region of the beam closest to the end supports. The beams had corrosion damage in the 
bonded region ranging from a mass loss of 3.5 % to 3.9 %. The beams were loaded in four-point 
bending under fatigue loading until failure. The failure was described as slippage of the tensile 
steel in the bonding region, accompanied by concrete partially crushing above the tensile steel, 
and cracking and debonding below the tensile steel. It was found the corrosion damage reduced 
the fatigue strength by 30 % for fatigue lives ranging from 10 thousand to 1 million cycles and 
reduced the shear stress at the concrete/steel interface by roughly 40 %. The tensile rebar slip 
was constant throughout testing until a rapidly increasing slip before failure. This rapidly 
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increasing slip of the tensile rebar began at less than 80 % and less than 100 % of the fatigue life 
for corroded and uncorroded specimens, respectively.  
Yi et al. (2010) and Sun et al. (2015) tested corroded RC beams to varying levels of mass loss. 
This range was between 3.3 % and 11.6 % and from 5.9 % to 18.5 % for Yi et al. (2010) and Sun 
et al. (2015), respectively. The beams were loaded under fatigue within the serviceability limits 
up to failure or two million cycles limit. The loading minimum to maximum limits were between 
10 % to 52 % of the tests conducted by Yi et al. (2010) and 20 % to 47 % for the work reported 
by Sun et al. (2015). All corroded beams failed by one of the tensile rebars rupturing followed by 
a large concrete crack forming in this location immediately afterwards. The uncorroded 
specimen lasted for 2 million cycles, whereas the corroded specimens all failed well before the 
two million cycles limit. Yi et al. (2010) reported the corroded specimens had a fatigue life less 
than 4.5 % to 31 % of the uncorroded specimen. Yi et al. (2010) found the failure location was 
governed by the location of the most severe pitting within the maximum moment region of the 
beam. Afterwards, the tensile reinforcement was cut into coupons and loaded monotonically to 
failure in the axial direction. The corroded steel specimens showed a reduction in the yield and 
ultimate strength, yield plateau, and ultimate elongation. These effects were more profound at 
higher levels of corrosion due to the stress magnitude being higher. The increase in corrosion 
mass loss also led to there being more fluctuation in the tensile steel behaviour due to the pitting 
corrosion. 
Wang et al. (2015) tested corroded RC beams that varied in concrete strength (20 MPa, 25 MPa, 
30 MPa, and 35 MPa) and subjected them to fatigue loading within the serviceability limit. The 
corrosion mass loss was similar for all corroded specimens. The fatigue loading was done up to 
50 thousand cycles and then loaded monotonically to failure under four-point bending. The 
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fatigue loading range was 14 kN for all specimens, however the maximum and minimum fatigue 
loads were increased by 5 kN for each additional 5 MPa increase in concrete strength. The 
corroded RC beams experienced higher deflections than the uncorroded control specimen during 
fatigue loading from 3 % to 29 %, but this difference was smaller with specimens having higher 
concrete strengths. The results of the monotonic tests conducted after the fatigue loading showed 
the corroded specimens experienced reduced yield and ultimate loads. Moreover, the post-yield 
ductility was also reduced compared to the uncorroded and fatigue loaded specimens. 
2.6.2 Fatigue Testing of Strengthened RC Beams 
Experimental investigations of strengthened RC beams under fatigue loading has been done with 
FRP materials since the late 1990’s (Guo et al., 2019, Charalambidi et al., 2016, Sena-Cruz et al., 
2012, Zeris et al., 2009, Ekenel et al., 2006, Breña et al., 2005, Aidoo et al., 2004, Heffernan & 
Erki, 2004, Papakonstantinou et al., 2001, Barnes & Mays, 1999). Additionally, test results of 
corroded RC beams before and after strengthening with FRP materials has also been reported 
since the early 2000’s (Song & Yu, 2015, Al-Hammoud et al., 2011, Soudki et al., 2007, Masoud 
et al., 2005, Masoud et al., 2001). Similar studies using FRCM sheets as the strengthening 
material were conducted more recently not including (Hadad et al., 2018, Aljazaeri & Myers, 
2017, Pino et al., 2017) and including corrosion damage of the tensile reinforcement (Elghazy et 
al., 2018, Yin et al., 2016). 
Aljazaeri and Myers (2017) strengthened RC beams with one or four flexural layers of PBO-
FRCM after being loaded to 65 % of the ultimate load capacity. Specimens were placed in an 
environmental chamber where they were subjected to freeze/thaw cycles, elevated temperatures, 
and a high relative humidity. Furthermore, specimens were either subjected to their self weight 
or 40 % of their expected ultimate capacity sustained loading after strengthening. Finally, all 
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specimens were loaded in four-point bending fatigue loading up to two million cycles and then 
tested monotonically to failure. The fatigue loading range was between 35 % to 65 % of the 
expected ultimate loading capacity depending on the number of layers of FRCM. Strengthened 
specimens that were exposed to the environmental chamber under self weight and specimens 
exposed under a sustained load had roughly a two and a three times higher stiffness degradation 
than the unexposed strengthened specimens. Specimens strengthened with FRCM showed 
reduced vertical fatigue concrete crack widths and had over four times the fatigue life than the 
non-strengthened specimens. The monotonic testing showed the fatigue loaded and strengthened 
specimens maintained a higher post yielding ductility and flexural performance than the 
unstrengthened specimens. The PBO-FRCM strengthening scheme was capable of maintaining 
the specimen ultimate capacity, even after the fatigue loading and environmental exposure. In 
fact, the environmental exposure only led to a slightly higher ultimate capacity due to post curing 
effects from the high temperature and humidity.  
Pino et al. (2017) prepared flexure critical RC beams strengthened with one, three, or five layers 
of PBO-FRCM sheets on the tensile face of the beam. The specimens were loaded in fatigue up 
to two million cycles, and then tested monotonically for assessing their residual performance. 
The fatigue loading was done in three point bending from 20 to 75, 80, 85, and 90 percent of the 
static yield load (PSY). At a maximum fatigue load of 75 PSY, the specimens with three or five 
layers of FRCM lasted the full two million cycles, whereas strengthening with one or no layers 
lead to fatigue failure at approximately one million cycles. For specimens reinforced with three 
layers, and for high loading in the range of 75 PSY, it was shown to be unlikely to reach the full 
fatigue life of two million cycles. The strengthened specimen failure under fatigue loading passes 
by three phases. In the first phase, the concrete experienced vertical cracking and the FRCM had 
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local debonding from the concrete surface. In the second stage, the concrete cracks propagated in 
length and width with one primary broad crack forming near the midspan, the tensile 
reinforcement experienced cracks forming, and the FRCM continued to experience local 
debonding from the concrete as well as debonding at the fabric/matrix interface. During the last 
stage, the steel had a reduced effective cross section that led to a brittle fracture followed by 
delamination of the FRCM from the concrete surface. The fatigue behaviour of the specimen 
with one layer of FRCM was different. In this case, the FRCM lost its effectiveness by slipping 
of the fibers followed by delamination rather than being governed primarily by FRCM 
delamination. 
Hadad et al. (2018) strengthened RC beams with two layers of C-FRCM on the tensile surface 
along the clear span. Unidirectional or bidirectional carbon meshes were used. The specimens 
were subjected to fatigue loading up to failure or two million cycles. The fatigue loading range 
was between 20 PSY and 60 to 75 PSY. The PSY corresponds to each individual beam 
strengthening scheme that was verified using monotonic testing. The FRCM was found to reduce 
the propagation of vertical cracks in the concrete during fatigue testing. Strengthened specimens 
failed by fabric slippage which increased the beam deflection, steel rupturing, and finally FRCM 
delamination at the fabric/matrix interface as the load was transferred from the steel to the 
FRCM. When comparing the results of Pino et al. (2017) it was concluded that the PBO-FRCM 
strengthened specimens had a similar performance to the C-FRCM strengthened specimens. 
Strengthened specimens fatigue tested at or below 65 PSY lasted the full two million cycles. The 
residual performance after fatigue testing resulted in a similar ultimate capacity and stiffness to 
specimens tested only under a monotonic loading. 
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Yin et al. (2016) tested RC beams with varying tensile reinforcement (two 12, 14, or 16 mm 
rebar). The beams were then strengthened with textile reinforced concrete (TRC), which is 
similar to FRCM. The fabric mesh was made up of a hybrid of carbon and E-glass yarns, which 
was then coated in an epoxy resin used to bond a thin layer of sand. The textile was then 
impregnated and bonded to the specimen where needed with fine grained concrete. The 
strengthening schemes included using one, two or three layers, or bonding a single U-wrap along 
the tensile face and partially wrapped up the sides of the beam by one half or the full width of the 
beam specimen. Some strengthened specimens were corroded by an accelerated technique while 
being under a 20 %, 40 %, or 60 % static ultimate sustained load. After this preliminary work, 
the beams were fatigue loaded up to failure or two million cycles in a four-point bending setup 
with maximum and minimum fatigue loads corresponding to 20 % and 70 % of the ultimate 
capacity of the unstrengthened uncorroded control specimen. When the same quantity of TRC 
was applied to the beam at the sides and tension face of the beam, rather than only at the tension 
face, the fatigue life increased 34 % less. This was due to the TRC being able to carry higher 
tensile loads from the tensile surface of the specimen, hence being fully utilized. It was found 
pre-loading before strengthening slightly reduced the fatigue life due to the permanent damage to 
the concrete and steel. The application of TRC to sustained load corrosion specimens made the 
final fatigue stage of rapid deflection before failure more evident, and increased the fatigue life. 
The effect of larger diameter rebar in RC strengthened beams was a greater fatigue life and lower 
fatigue deflection. 
Elghazy et al. (2018) tested corroded RC beams at an average of 19 % mass loss within the 
midspan. The specimens were then strengthened with carbon or PBO FRCM flexural sheets in 
one of two strengthening schemes. The first strengthening scheme (I) included flexural sheets 
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applied along the tensile surface and U-wraps applied near the supports. The second 
strengthening scheme (II) was similar, although the U-wrap was applied along the entire clear 
span. The number of flexural sheets was between two to four. The specimens were then fatigue 
loaded up to failure or two million cycles. The load level was between 21 % and 60 % of the 
static load carrying capacity of the uncorroded unstrengthened control specimen. After two 
million cycles, the residual behaviour was assessed for specimens that did not fail due to fatigue 
loading. All corroded and strengthened specimens failed during fatigue loading by steel rupture 
at the location of the most severe pitting corrosion followed by FRCM delaminating from the 
concrete. Furthermore, two layers of PBO-FRCM strengthening under scheme (I) increased the 
fatigue life by approximately 40 % whereas four layers applied with scheme (II) resulted in an 
increase of the fatigue life by 275 %. Using four layers of PBO-FRCM under scheme (II) 
resulted in a 52 % longer fatigue life than using scheme (I). This was due to the U-wrap 
contributing to the fatigue resistance, reducing the stress on the tensile steel. It was found the 
PBO-FRCM strengthening allowed the beam to have a less severe beam stiffness degradation 
during fatigue testing than when strengthening with carbon FRCM. Strengthening with 4 layers 
of PBO-FRCM was found to have an 80 % longer fatigue life and a marginally higher fatigue 
stiffness compared to using two layers under scheme (I). 
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2.7 Summary from the Literature 
Based on the literature review presented, the following summary can be acknowledged: 
• There has been significant research done in the area of FRP strengthening of RC beams that 
are either uncorroded or subjected to corrosion damage. Furthermore, theses studies have 
investigated both the effectiveness of FRP strengthening when both monotonic and fatigue 
loading mechanisms are applied. 
• There has been a respectable quantity of studies that have come out in the last decade with 
respect to FRCM strengthening of RC beams that have been subjected to either monotonic or 
fatigue loading. The FRCM was found to be effective in the performance of these specimens. 
For monotonic loading the yield load and ultimate capacity was increased by the FRCM 
application. For fatigue testing the fatigue life and beam stiffness were both increased. 
• There has been research recently coming out since 2016 with respect to FRCM (or similar 
materials such as TRM) in strengthening RC beams in flexure that have been subjected to 
corrosion damage of the tensile reinforcement. The results of these studies are promising, as 
the FRCM (or TRM) were found to be effective in raising the performance of the RC beams 
when subjected to either monotonic or fatigue loading. The improvement done by the FRCM 
strengthening was similar to the uncorroded RC beams strengthened using FRCM, although 
the beam performance was improved beyond the result of the uncorroded control specimen 
despite the damage done by corrosion. 
• Due to the success found by Elghazy et al. (2018), Elghazy et al. (2017), El Maaddawy & El 
Refai (2016), and Yin et al. (2016), further experimental research should be conducted to 
explore the rehabilitation of corroded RC beams using FRCM systems for both monotonic 
and fatigue loading. 
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2.8 Gaps in the Literature 
The following identifies gaps not addressed on the subject of flexure critical corroded RC beams 
rehabilitated with FRCM materials under monotonic loading: 
• Corrosion damage has been targeted only at the beam midspan. 
• FRCM has only been applied directly to the corrosion damaged specimen by first removing 
the damaged concrete, cleaning the corroded steel rebar, and patch repairing with a polymer 
mortar. 
• FRCM strengthening schemes chosen are effective but limited. There is an interest to make 
modifications to what has been previously tried. 
• There are no studies to this authors knowledge making a comparison between the 
strengthening effectiveness of FRCM and FRP. 
There are also gaps not addressed on the subject of flexure critical corroded RC beams 
rehabilitated with FRCM materials under fatigue loading: 
• The corrosion mass loss level has been previously held constant. 
• Similar to the monotonic testing studies in this area of research, there have been a limited 
variation of strengthening schemes that have been implemented using FRCM. 
• There has been no comparison between the strengthening effectiveness of different FRCM 
types when all other variables are controlled for including the number of flexural layers and 
the strengthening scheme. 
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2.9 Conclusions  
Due to the gaps in the literature previously mentioned in section 2.8, the research program had 
identified the need to include the following: 
• Corrosion damage of the tensile reinforcement was done along the entire length of the 
specimen. 
• The corrosion damage done to the specimens targeted both moderate and severe mass loss 
levels. 
• The FRCM was applied directly to the corroded specimen, without rehabilitating the RC 
beam with respect to the corrosion damage done to the steel rebars and the concrete. 
• The FRCM strengthening setup chosen was an alteration of both the flexural and U-wrap 
schemes previously done to try to incorporate a more effective use of the FRCM system. 
• Two types of FRCM are included in this research and directly compared. 
• An FRP system was included to provide a comparison to the FRCM system for strengthening 
flexure critical corroded RC beams subjected to monotonic loading. 
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Chapter 3 – Experimental Program 
The experimental study was carried out to evaluate the effectiveness of carbon FRCM (C-
FRCM) and polyparaphenylene benzobisoxazole FRCM (PBO-FRCM) as strengthening 
materials for corrosion damaged RC beams. This was done by means of monotonic testing. A 
specimen reinforced with glass FRP (G-FRP) was used for comparison. Focus was directed on 
the flexure critical region. In addition, the applicability of C-FRCM and PBO-FRCM to maintain 
their strengthening performance over the RC beams fatigue life was also investigated. This was 
done by means of cyclic fatigue testing. The corrosion damage targeted were of two levels: 
moderate (10 %) and severe (20 %) mass loss of the tensile reinforcement. 
Thirteen RC beam specimens were prepared, they were 2400 mm in length, 150 mm in width, 
and 250 mm in height. The specimens are separated in two groups: the first group consisted of 
eight specimens that were subjected to monotonic loading (group M), and the second group 
consisted of five specimens that were subjected to low cycle fatigue loading (group F). A total of 
twelve specimens were subjected to corrosion damage by means of a galvanostatic accelerated 
corrosion technique. One specimen was left undamaged by corrosion as the virgin control 
specimen in group M. Six beams were subjected to corrosion, targeting 10 % mass loss whereas 
the target for the other six beams was 20 %. Of the twelve specimens subjected to corrosion 
damage, four were strengthened with PBO-FRCM (two with 10 % targeted mass loss and two 
with 20 %), three were strengthened with C-FRCM (two with 10 % targeted mass loss and one 
with 20 %), and one was strengthened with G-FRP after being corroded to a targeted 20 % mass 
loss. The group M specimens included both levels of corrosion damage as control specimens as 
well as strengthening corrosion damaged specimens of both mass loss levels with C-FRCM and 
PBO-FRCM. The G-FRP strengthened specimen also was used in group M. Group F had two 
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control specimens of both mass loss targets, as well as three repaired specimens: two 10 % mass 
loss specimens strengthened with C-FRCM and PBO-FRCM and one 20 % mass loss specimen 
strengthened with PBO-FRCM. The labelling of the beams was done in the format “G-Dx-S”, 
“G” being the corresponding loading group (M and F referring to monotonic and fatigue loading, 
respectively), “x” being the percentage mass loss caused by corrosion damage (D0, D10, and 
D20 referring to 0, 10 %, and 20 % corrosion mass loss, respectively), and “S” being the 
strengthening material used (C, P, and G referring to C-FRCM, PBO-FRCM, and G-FRP 
respectively). For example, F-D10-C is the fatigue loaded specimen damaged to a targeted 10 % 
mass loss and strengthened with C-FRCM material. The test matrix is presented in Table 3.1 
based on the specimen ID, corrosion mass loss level, strengthening material, and loading 
scheme. 
Table 3.1: Test Matrix 
Beam 
No. 
Specimen ID 
Corrosion 
Mass Loss (%) 
Strengthening 
Material 
Loading Scheme 
1 M-D0 0 - Monotonic 
2 M-D10 10 - Monotonic 
3 M-D10-C 10 C-FRCM Monotonic 
4 M-D10-P 10 PBO-FRCM Monotonic 
5 M-D20 20 - Monotonic 
6 M-D20-C 20 C-FRCM Monotonic 
7 M-D20-P 20 PBO-FRCM Monotonic 
8 M-D20-G 20 G-FRP Monotonic 
9 F-D10 10 - Fatigue 
10 F-D10-C 10 C-FRCM Fatigue 
11 F-D10-P 10 PBO-FRCM Fatigue 
12 F-D20 20 - Fatigue 
13 F-D20-P 20 PBO-FRCM Fatigue 
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3.1 Reinforced Concrete Beams 
The RC beams were prepared at the University of Windsor structures laboratory (Figs. 3.1 (a) - 
(h)) When the steel cages and formwork was prepared, it was done so that the beam specimens 
could be casted upside down with the tensile reinforcement on top. This was done so that the 
tensile face of the beam could be kept rough to make a better bonding surface for the FRCM. 
Thin plastic pieces with slits were glued to the insides of the formwork for each beam to provide 
a rougher surface on the concrete substrate where the FRCM sheets were to be applied (Fig. 3.1 
(b)). The concrete was supplied by Lafarge in one batch delivered by a concrete truck. The mix 
was ordered with an expected concrete strength of 30 MPa with a maximum aggregate size of 20 
mm. Six concrete cylinders with dimensions of 150 mm in diameter and 300 mm in height were 
prepared. The cylinders were tested at 28 days by being loaded in compression as per ASTM 
C39/C39M (ASTM, 2018) and resulted in an average compressive strength of 24 MPa. The 
range of the cylinders compressive strength was 24 +/-2 MPa. A sample uncured concrete was 
taken from the batch when more than 10 %, but less than 90 % of the concrete was poured from 
the truck to be used for the slump test. The slump test was conducted as per ASTM C143/143M 
(ASTM, 2015) and it was found the slump was 150 mm. Six 200 mm 10M coupon specimens 
were prepared resembling the 2-10M tensile rebar. The coupons were subjected to tensile testing 
up to failure as per ASTM E8/E8M (ASTM, 2016) and were found to have an average yield and 
ultimate strength of 510 MPa and 700 MPa, respectively. Six 150 mm Tensile testing coupon 
specimens were prepared for the 8 mm undeformed stirrups that were spaced 150 mm centre to 
centre along the span of the specimen and for the 8 mm compression steel bars that also were 
placed along the span of the beam. The tensile testing was done the same as the 10M coupon 
specimens, resulting in an average yield and ultimate strength of 400 MPa and 595 MPa, 
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respectively. The concrete clear cover on all sides of the beam specimens was 30 mm. The 2-
10M rebar were sticking out approximately 100 mm at both ends of the beam specimens (Fig. 
3.1 (g)) to be attached to electrical wires used in the accelerated corrosion procedure. The 180 
mm ends of the 10M rebar (located partially inside and sticking out of the beam ends) were 
coated in a liquid rubber (Fig. 3.1 (a)) to prevent water infiltration and the corroding of the 
electrical wires as well as rapid corrosion of the exposed steel. 
 
(a) 
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(b) 
 
(c) 
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(e) 
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(f) 
 
(g) 
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(h) 
Figure 3.1: Reinforced concrete beam specimens prepared and casted: (a) Steel cages; (b) 
formwork; (c) steel cages and formwork; (d) steel cages placed in formwork; (e) casted 
specimens; (f) curing specimens; (g) fully cured specimens; (h) rough pattern on side of the 
specimen. 
3.2 Accelerated Corrosion Procedure 
The accelerated corrosion procedure consisted of connecting the beams in series to an automatic 
crossover DC power supply (Fig. 3.2 (a)). The power supply (Fig. 3.2 (c)) is capable of 
delivering a voltage of 30 V and intensity of 1 A. The tensile steel acted as the anode, while a 6 
mm stainless steel rod placed beside each specimen acted as the cathode. The specimens were 
placed in separate saltwater containers (Fig. 3.2 (b)) containing 5 % NaCl by concentration. The 
water level was approximately 10 mm above the bottom surface of the specimens. This setup 
allowed the water to avoid full saturation of the concrete surrounding the steel stirrups or tensile 
rebar, but rather be absorbed by the concrete to expose the bottom steel reinforcement to the 
saltwater environment, and to avoid the production of black rust. Black rust is formed when there 
is a lack of oxygen present during the corrosion process. Black rust does not expand in volume to 
create internal forces to crack the surrounding concrete (Bloomfield, 2007). Once exposed to the 
saltwater environment for one week, the electricity was applied as a constant current of 730 mA 
or a current density of 430 µA/cm2 when taking in account the steel reinforcement (including 
stirrups) up to the top of the tensile rebar. To achieve the two corrosion mass loss levels of 10 % 
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and 20 % an impressed current exposure period of 26.5 days and 53 days was implemented. The 
accelerated corrosion exposure time and electric current are used by Faraday’s law to estimate 
the mass loss as follows in eq. (3.1): 
𝑚 =
𝐼𝑡𝑎
𝑛𝐹
(3.1) 
where 𝑚 = mass loss (grams), 𝐼 = the electric current (Amperes), 𝑡 = time (seconds), 𝑎 = the 
atomic mass of iron (55.85 g/mol), 𝑛 = the valence electrons (𝑛 = 2 for iron), and 𝐹 = Faraday’s 
constant (96487 C/mol). A sample calculation of estimating the mass loss according to Faraday’s 
law is shown in Appendix A. The current applied at the end of each beam was monitored with a 
digital multimeter to record and adjust the applied current daily (Fig. 3.2 (d)). The current 
readings were then used to calculate the mass loss using Faraday’s law as a final estimate. The 
saltwater was replaced every week and evaporation was prevented with tarp.  
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(a) 
 
(b) 
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(c) 
 
(d) 
Figure 3.2: Accelerated corrosion setup: (a) Series wiring; (b) separate salt baths; (c) Power 
supply; (d) Digital multimeter. 
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3.3 FRCM and FRP Composite Materials 
The strengthening system using the glass FRP is made of a unidirectional glass fiber mesh 
impregnated by an epoxy resin (Sikadur-300) supplied by Sika (Fig. 3.3 (a)). The system based 
of carbon FRCM is composed of a bidirectional carbon mesh impregnated by an inorganic 
mortar matrix (M25) supplied by Ruredil (Fig. 3.3 (b)). The strengthening system based on PBO 
FRCM is composed of a unidirectional PBO fabric mesh (Fig. 3.3 (c)) impregnated by an 
inorganic mortar matrix (M750) supplied by Ruredil. The meshes and mortar/epoxy mechanical 
properties were provided by the manufacturer (Table 3.2). The carbon and PBO FRCM 
mechanical properties were obtained from a previous research work (Jabr et al., 2017), and the 
FRP mechanical properties were available from the manufacturer. (Sika, 2019; Sika, n.d.; 
Ruredil, n.d.a; Ruredil, n.d.b) 
 
Figure 3.3: Fabric materials: (a) Glass; (b) carbon; (c) PBO. 
 
 
 
 
 
(a) (b) (c) 
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Table 3.2: Mechanical Properties of Fibers, Epoxy/Mortar, and FRP/FRCM 
 Mechanical Property Glass FRP Carbon FRCM PBO FRCM 
Fibers 
Ultimate Tensile 
Strength (MPa) 
2270 4800 5800 
Modulus of Elasticity 
(GPa) 
72.4 240 270 
Ultimate Elongation 
(%) 
4 1.8 2.5 
Epoxy/ 
Mortar 
Compressive Strength 
(MPa) 
- 24.1 33.8 
Tensile Strength (MPa) 55 3.5 4 
Modulus of Elasticity 
(MPa) 
1724 7253 6998 
Ultimate Elongation 
(%) 
3 0.122 0.191 
FRCM/ 
FRP 
Area per unit width 
(mm2/mm) 
1.016 0.047 0.046 
Ultimate Tensile 
Strength (MPa) 
611 837 942 
Ultimate Tensile Strain 
(%) 
2.24 0.888 1.11 
Modulus of Elasticity 
of cracked specimen 
(GPa) 
27.4 82.2 113.8 
 
3.4 Strengthening Scheme and Installation 
A typical strengthening scheme is shown in Fig. 3.4. Two layers of FRP/FRCM are applied to 
the middle 2000 mm bottom surface and partially wrapped up the sides of the beam 75 mm high 
with fibers running in the longitudinal direction. The partial wrapping of the flexural sheets up 
the sides of the beam is to help prevent premature debonding of the composite from the concrete 
substrate or delamination of the fibers and matrix. Then two layers of FRP/FRCM are applied as 
100 mm wide U-wraps at the loading points and near the supports with fibers running in the 
transverse direction to help prevent debonding or delamination. 
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Figure 3.4: Strengthening scheme and instrumentation. 
Before applying the G-FRP, the beam corners, at the tension surface, were rounded to a ½ inch 
radius and the concrete surface was smoothed with a masonry grinder (Fig. 3.5 (a)). The beam 
surface was kept dry, free of grease, oil, dust, or loose part. Finally, the concrete surface and 
glass fibers were primed and saturated respectively with epoxy resin for application of the G-
FRP. The G-FRP was then applied to the surface by the hand lay up method in the order of both 
flexural sheets, followed by the U-wraps (Fig. 3.5 (b)). The applied G-FRP was pressed with a 
roller to ensure that there were no air voids formed between composite and substrate. 
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A similar procedure for the application of C-FRCM and PBO-FRCM is followed (Figs. 3.5 (c) - 
(d)). The beam corners, at the tension surface, were first rounded to a ½ inch radius. The 
concrete surface was kept clean and wetted without any standing water prior to application, and 
free of dust, chemicals or loose parts. The cement was mixed with water in a pail using a hand 
held, slow speed drill. The mortar was applied to the concrete surface of approximately 4 mm 
thickness with a trowel. One layer of PBO fabric was then placed and impregnated into the 
mortar. An additional layer of mortar (3 to 4 mm thick) was applied over the first one, and the 
last flexural sheet was impregnated. A final coating of mortar was placed onto the last layer of 
flexural mesh. The U-wraps were then applied similarly. The FRCM strengthening system was 
covered by burlap wetted daily and tarp for curing in the first 72 hours. The entire strengthening 
procedure is outlined step by step in Appendix B. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 3.5: Strengthening preparation and applications: (a) M-D20-G grinded; (b) G-FRP applied 
(M-D20-G); (c) C-FRCM applied (M-D10-C); (d) PBO-FRCM applied (F-D20-P). 
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3.5 Instrumentation and Test Setup 
The RC beams were set up in a four-point bending configuration as previously shown in Fig. 3.4 
and shown in Fig. 3.6. Pi Gauges of 50 mm in length and a resistance of 350 Ω were placed at 
the top and bottom of the centre of the midspan and at one loading point to measure the strain 
(Fig. 3.4 & Fig 3.7). For beams that were strengthened, the PI gauge was placed on the exterior 
surface of the FRCM. A 60 mm strain gauge with a resistance of 120 Ω was placed at the top 
centre of the midspan (Fig. 3.7 (a)). Two linear variable differential transducers (LVDT’s) with 
an 80 mm range were placed underneath the centre of the midspan and one loading point to 
measure the beam deflection (Fig. 3.4 & Fig. 3.7 (b)). The monotonic specimens were loaded 
under displacement control procedure at a rate of 2 mm/min until failure.  
The specimens tested under cyclic loading were subjected to load control at a rate of 1 Hz in the 
form of a sinusoidal function. Specimens of the same level of corrosion damage were cyclically 
loaded at the same maximum and minimum cyclic load levels. The purpose was to compare the 
performance of strengthened corroded specimens to the unstrengthened corroded specimens. 
Each specimen tested under cyclic loads corresponded to a specimen with the same corrosion 
targeted mass loss level tested only under monotonic loading. Therefore, F-D10, F-D10-C, and 
F-D10-P have their fatigue load levels calibrated from the yield load of M-D10. Likewise, F-D20 
and F-D20-P correspond with the yield load of M-D20. The yield loads of the monotonic 
specimens are given in chapter 4 in Table 4.2. The first specimen tested under cyclic loading was 
F-D10 and the load range of 5 to 35 kN for specimen F-D10 representing 10 to 80 percent of the 
static yield load (PSY) of M-D10 was done for the first 10,000 cycles. After 10,000 cycles, the 
maximum fatigue load was increased to 40 kN, representing 90 PSY for the remaining 13,000 
cycles. The fatigue results from 10 to 90 PSY of specimen F-D10 were within the scope of this 
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experiment, where the failure of the strengthened fatigue specimens was expected to be reached 
within a relatively low fatigue life. Hence, it was decided all fatigue specimens were to be tested 
from 10 to 90 PSY up to failure. The fatigue testing was be stopped at fixed intervals to conduct 
a monotonic test up to 90 PSY in the same manner done to specimens M-D0, M-D10, and M-
D20. The purpose of the monotonic testing was to compare the static bending behaviour of the 
specimen over its fatigue life to verify the fatigue hysteresis loops. 
A data acquisition system collected the data of the monotonic and fatigue testing at a rate of 1 
reading per second and 16 readings per second, respectively. All specimens were loaded by a 
500 kN MTS hydraulic actuator (Fig. 3.6). 
 
Figure 3.6: Four-point bending test setup. 
Hydraulic Actuator 
Spreader Beam 
Supports 
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(a) 
 
(b) 
Figure 3.7: Instrumentation: (a) Strain gauge and compression PI gauges; (b) LVDT’s and 
tension PI gauges. 
 
 
PI Gauges 
Strain Gauge 
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Chapter 4 – Experimental Results 
4.1 Corrosion Observations 
Following the accelerated corrosion procedure, longitudinal corrosion cracks and rust stains were 
observed at the level of the tensile rebar along both the sides and at the tensile face of the beams 
(Fig. 4.1). The average and maximum crack widths measured with a crack comparator are 
reported in Table 4.1 for each corroded RC beam. The specimens with a mass loss target of 10 % 
and 20 % had an average maximum crack width of 1.0 mm and 3.8 mm, respectively. Photos of 
the rust stains and the crack pattern and crack size along the specimens corroded are further 
presented in Appendix C. After the specimens were monotonically tested to failure, the two 
tensile steel rebars were extracted using a pneumatic jackhammer to remove the surrounding 
concrete. Three coupons of 400 mm length were randomly cut from each tensile rebar and were 
cleaned of remaining concrete and corrosion products according to ASTM G1-03 (ASTM, 2017) 
to measure the mass loss (Fig. 4.2). Appendix D shows the steps done using ASTM G1-03 to 
solve for the measured mass loss. The measured corrosion mass loss percentage of the tensile 
steel was then compared to the theoretical predictions from eq. (3.1) and reported in Table 4.1. 
The specimens with target mass loss of 10 % and 20 % had an average measured mass loss 
percentage of 12.0 % and 21.1 %, respectively. Further inspection of the coupons showed there 
was a general uniform corrosion along the tensile rebar, as well as random pitting corrosion 
(Figs. 4.2 (b) – 4.2 (c)). 
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(a) 
 
(b) 
 
(c) 
Figure 4.1: Corrosion damage on specimen F-D20: (a) Front side; (b) tensile face; (c) back side. 
 
 
(a) 
 
(b) 
 
(c) 
Figure 4.2: Coupon specimens: (a) Uncorroded rebar; (b) corroded rebar from M-D10-P; (c) 
corroded rebar from M-D20. 
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Table 4.1: Corrosion Damage Results 
Beam 
No. 
Specimen 
Theoretical 
Mass Loss 
(%) 
Measured Mass Loss (%) Maximum 
Crack 
Width 
(mm) 
Average 
Crack 
Width 
(mm) 
Rebar 
1 
Rebar 
2 
Average 
1 M-D10 9.9 13.0 12.3 12.7 0.6 0.33 
2 M-D10-C 10 12.7 11.3 12.0 0.4 0.25 
3 M-D10-P 10.3 16.8 8.4 12.6 2.6 0.53 
4 F-D10 10.0 9.1 15.3 12.2 1.0 0.5 
5 F-D10-C 10.0 9.2 13.1 11.2 0.6 0.2 
6 F-D10-P 10.6 10.4 12.5 11.5 1.0 0.4 
7 M-D20 19.9 23.8 18.0 20.9 4.0 1.42 
8 M-D20-C 19.2 18.8 20.4 19.6 2.8 0.84 
9 M-D20-P 20.0 23.1 27.0 25.1 2.2 0.88 
10 M-D20-G 20.0 18.6 21.2 19.9 4.0 0.96 
11 F-D20 20.9 23.3 18.4 20.9 3.5 1.32 
12 F-D20-P 20.0 16.2 24.6 20.4 6.5 1.84 
 
4.2 Monotonic Testing 
4.2.1 Failure Mechanisms 
Table 4.2 summarizes the failure mechanisms of all tested specimens which can be seen in Fig. 
4.3. The uncorroded and corroded control specimens (M-D0, M-D10, and M-D20) all 
experienced the same failure mode. As the beams were designed to be flexure critical, they failed 
as expected by the onset of steel yielding, followed by flexural cracks continuing to propagate, to 
ultimately concrete crushing (SY-CC). Due to the corrosion damage, spalling of the concrete 
cover within the midspan was noticed near or at the onset of failure (Fig. 4.3 (a)). The failure 
mechanisms were dependant on the strengthening system used; they are summarised in three 
separate observations: 
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1) FRP progressive debonding (DB): the specimen strengthened with G-FRP experienced 
this failure mode (M-D20-G). After the steel yields, the tension forces were transferred to 
the FRP. This resulted in the observation of debonding in the midspan and continuing to 
debond towards the supports. Ultimately, the U-wrapping near the support was the last to 
detach from the substrate then lead to an instantaneous concrete crushing on the top face 
of the beam in the midspan. The concrete crushing was followed by a crack that travelled 
partly along the tensile steel/concrete interface which had experienced spalling due to the 
corrosion damage. The longitudinal FRP that was on the tensile surface of the beam (not 
partially wrapped up the sides of the beam) did not debond from the concrete, as the 
rupture surface was within the concrete cover. The FRP aided in pulling the concrete 
cover away from the tensile steel. This phenomenon was a combination of the corrosion 
damage and to the bond at the FRP/concrete interface. This failure mode can be seen in 
Fig. 4.3 (b) and it has been similarly observed in other studies (Xie & Hu, 2013, 
D’Ambrisi & Focacci, 2011). 
2) Matrix cracking followed by significant fabric slippage at the fabric/matrix interface 
(MC-FS): specimens strengthened with C-FRCM experienced this type of failure (M-
D10-C and M-D20-C). After steel yields, noticeable cracking sounds indicated 
progressive debonding of the fabric from the matrix. This eventually led to extensive 
fabric slippage at the fabric/matrix interface within the midspan. It would appear the U-
wraps at the loading points helped prevent this failure from occurring by providing 
anchorage. Concrete crushing followed immediately after with a large flexural crack 
within the midspan. This failure mode can be seen in Fig. 4.3 (c) and has similarly been 
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reported by other studies on C-FRCM flexural strengthening (Elghazy et al., 2017, Jabr et 
al., 2017, D’Ambrisi & Focacci, 2011). 
3) Fabric slippage followed by debonding at the matrix/concrete interface (FS-DB): 
specimens strengthened with PBO-FRCM experienced this type of failure (M-D10-P and 
M-D20-P). First, the tensile steel yields, followed by the fabric slipping in the shear 
region of the beam and ultimately leading to complete debonding. The concrete then 
crushed at the onset of debonding at the top of the midspan with the partnering of a crack 
running partly along the tensile steel/concrete interface similar to specimen M-D20-G. 
The U-wraps at the loading points and near the supports also had their total surface 
partially debonded from the beams. This failure mode can be seen in Fig. 4.3 (d). A 
similar failure mode was reported by Jabr et al. (2017) when studying PBO flexural 
strengthening. 
By comparison of the three failure modes based on the strengthening systems, PBO-FRCM 
reinforced beams exhibited higher ductility than beams strengthened with C-FRCM and G-FRP. 
Further descriptions of the failure modes of each specimen are shown in Appendix E. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 4.3: Failure modes: (a) Classical failure with concrete spalling (M-D20); (b) DB (M-D20-
G); (c) MC-FS (M-D20-C); (d) FS-DB (M-D10-P). 
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4.2.2 Load-Deflection Response 
The load-deflection response of the corroded and unstrengthened specimens is shown in Fig. 4.4 
(a). It appears that the corrosion did not affect significantly the pre-yielding stiffness of the 
specimens. The loads at the onset of steel yielding of specimens M-D10 and M-D20 were 8 % 
and 24 % lower than the control specimen M-D0. The ultimate capacity of specimens M-D10 
and M-D20 were 9 % and 12 % lower than that of the control specimen M-D0, respectively. The 
degradation of the corroded unrepaired specimens would be more significant dependent on the 
size of the corrosion pitting found within the midspan of the beam. Another effect of corrosion is 
the damage in the bond between the rusted tensile rebar and concrete. The rust products reduced 
the frictional and adhesive forces between concrete and steel, and the corroded rebar lugs had 
less mechanical effectiveness (Figs. 4.2 (b) – 4.2 (c)). 
The load-deflection response of corroded and strengthened specimens of M-D10-C, M-D10-P, 
M-D20-C, M-D20-G, and M-D20-P are shown in Fig. 4.4 (b) and Fig 4.4 (c). The specimens 
strengthened with C-FRCM or PBO-FRCM systems restored their yielding load and significantly 
surpassed the ultimate load of the control, M-D0. Specimens M-D10-C, M-D10-P, and M-D20-C 
showed and increase of the yielding load of 13 %, 5 %, and 2 % higher than that of the control 
specimen M-D0. Only specimen M-D20-P had a slightly lower yielding load of 46.4 kN 
compared to 47.9 kN obtained from the control specimen M-D0 (3 % lower). The ultimate 
capacities of M-D10-C, M-D10-P, M-D20-C, and M-D20-P were 19 %, 22 %, 12 %, and 36 % 
higher than the control specimen M-D0. The higher performance observed from the PBO-FRCM 
strengthened specimens compared to the C-FRCM specimens can be attributed to the failure 
mode exhibited by each of the systems. The C-FRCM strengthened beam failure occurred at 
much lower strain than PBO-FRCM. This observation is illustrated in Fig. 4.5 (b). Fig. 4.5 (a) 
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does not show this partly due to the excessive mesh slippage that happened within the PI gauge. 
However, the yield load of specimens M-D10-C and M-D20-C were slightly higher than M-D10-
P and M-D20-P. Compared to FRCM strengthened specimens, M-D20-G showed the highest 
increase of the yield capacity and ultimate capacity by 36 % and 81 % compared to M-D0, 
respectively. The ability of G-FRP to carry high load before debonding may be the reason for 
such performance.  
When compared to the control specimen, the pre-yielding stiffness increased by the addition of 
strengthening system materials of specimens M-D10-C, M-D10-P, M-D20-G, M-D20-C, and M-
D20-P compared to M-D0. The deflection at yielding was 63 %, 9 %, 33 %, 53 %, and 49 % 
lower for M-D10-C, M-D10-P, M-D20-G, M-D20-C, and M-D20-P than the deflection at 
yielding for M-D0, respectively. Comparing the deflection response of specimens M-D0, M-
D10, and M-D20 it was observed that corrosion of the reinforcement did not affect the maximum 
deflection. However, strengthening the corroded beams resulted in a significantly reduced 
deflection at the ultimate state. Specimens M-D10-C, M-D10-P, M-D20-G, M-D20-C, and M-
D20-P responses showed 70 %, 11 %, 39 %, 63 %, and 22 % lower ultimate deflections 
compared to M-D0, respectively. The decrease of the ultimate deflection can be associated to the 
transfer of forces from the corroded steel reinforcement to the strengthening FRP/FRCM systems 
which is not capable of holding the transferred forces. This causes the beam to hold much higher 
loads at lower deflections. Once the strengthening system loses its effectiveness, which happens 
at lower deflections than the unstrengthened specimens’ ultimate deflection, concrete crushes at 
the top of the midspan. It should also be mentioned that PBO-FRCM strengthened specimens 
lost their effectiveness at higher deflections than G-FRP and C-FRCM strengthened specimens. 
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Table 4.2: Summary of the Monotonic Test Results 
Beam 
No. 
Specimen 𝑷𝒚 (kN) 𝑷𝒖 (kN) 𝜹𝒚 (mm) 𝜹𝒖 (mm) 
Failure 
Mode 
1 M-D0 47.9 59.7 9.6 41.1 SY-CC 
2 M-D10 44.1 54.1 8.1 42.3 SY-CC 
3 M-D10-C 54.1 71.0 3.5 12.1 MC-FS 
4 M-D10-P 50.5 73.1 8.7 36.7 FS-DB 
5 M-D20 36.4 52.7 5.7 41.0 SY-CC 
6 M-D20-G 65.0 107.9 6.4 25.2 DB 
7 M-D20-C 48.7 66.7 4.5 15.2 MC-FS 
8 M-D20-P 46.4 81.2 4.9 32.0 FS-DB 
𝑷𝒚 = yield load; 𝑷𝒖 = ultimate load; 𝜹𝒚 = yield deflection; 𝜹𝒖 = ultimate deflection; Failure Mode: SY-CC = Steel 
Yielding followed by Concrete Crushing; DB = Progressive Debonding; MC-FS = Matrix Cracking followed by 
Fiber Slippage; FS-DB = Fiber Slippage followed by Debonding 
 
 
(a) 
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(b) 
 
(c) 
Figure 4.4: Load-deflection response: (a) Corroded and unstrengthened specimens; (b) 10 % 
corroded and strengthened; (c) 20 % corroded and strengthened. 
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4.2.3 FRP/FRCM Load-Strain Response 
The strain at the bottom centre of the midspan is presented in Fig. 4.5 (a) Fig. 4.5 (b). The large 
strains measured in M-D10-P and M-D20-P at maximum load were 16795 µε, and 12865 µε, 
respectively, and are mainly due to the sheet slippage in the post yielding stage. The large strain 
encountered in M-D10-C throughout testing (19710 µε at failure) with compared to the strain in 
M-D20-C (3428 µε at failure) is an indicator of an extensive slippage of the fabric sheet at the 
location of the PI gauge. During the test, there was an observed similar extensive slippage of the 
fabric sheet in M-D20-C, but the location of this slippage was at a distance from where the PI 
gauge was installed. Unlike the C-FRCM and PBO-FRCM strengthened specimens, M-D20-G 
was capable to carry the load with an increase of the strain, the strain at the onset of the yielding 
was 1987 µε and slowly increased to 3831 µε at failure. The ultimate strain of the G-FRP in 
specimen M-D20-G at failure is 83 % less than the reported failure strain provided by Sika, as 
the specimen failed by debonding of the sheet. The G-FRP strengthened specimen was not able 
to reach its potential in terms of tensile strength of the G-FRP fabric sheet. 
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(a) 
 
(b) 
Figure 4.5: Load-strain response at bottom-centre of the midspan: (a) 10 % corroded and 
strengthened; (b) 20 % corroded and strengthened. 
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4.2.4 Concrete Load-Strain Response 
The concrete compressive strain at the top centre of the midspan is reported in Fig. 4.6 (a) and 
Fig. 4.6 (b). The ultimate concrete strains ranged from -1324 µε for M-D10-C to -2650 µε for M-
D20. The strain in the concrete measured at the pre-yielding stage was lower for corroded 
strengthened specimens compared to corroded unstrengthened specimens. This observation holds 
true independent of the level of corrosion as well as the strengthening system. Moreover, the 
uncorroded control, M-D0, had the lowest concrete strain after 22 kN up to steel yielding. This 
was most likely due to the absence of corrosion damage which would otherwise decrease the 
bond strength at the concrete/steel interface, leading to the neutral axis shifting away from the 
tensile steel and causing higher stresses to develop in the concrete. Beyond the yielding face, the 
concrete strain increased at a faster rate for unstrengthened specimens. Specimen M-D20-G had 
the slowest rate of increase of the concrete strain and maintained lower strains compared to M-
D20-C and M-D20-P in the post yielding stage. When comparing specimens M-D10-C and M-
D20-C to M-D10-P and M-D20-P, a similar increase in concrete strain is observed in the post 
yielding phase. The FRCM flexural strengthening causes the neutral axis to be closer to the 
tension face, causing more concrete to resist in compression, resulting in a lower concrete stress 
(and lower concrete strain) in the post-yielding stage. 
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(a) 
 
(b) 
Figure 4.6: Load-concrete strain response at top-centre of the midspan: (a) 10 % corroded and 
strengthened; (b) 20 % corroded and strengthened. 
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4.2.5 Monotonic Testing Conclusions 
Seven RC beams were subjected to an accelerated corrosion mass loss target of 10 % and 20 % 
then were strengthened in flexure using G-FRP, C-FRCM, and PBO-FRCM systems. The 
specimens were loaded monotonically and tested up to failure using the conventional 4-point 
bending set-up. The tests results gave evidence of the following conclusions: 
• Strengthening the corroded beams using the G-FRP system resulted in an increase of the 
yield and ultimate capacity as well as a lower yield and ultimate deflection compared to the 
uncorroded control. It was the most successful material in surpassing the control uncorroded 
specimen due to its ability to take high loads under comparatively low strains with respect to 
FRCM. Its failure mode gave little warning with a gradual debonding as the load slightly 
decreased from the ultimate load and inevitably a sudden debonding failure occurred.  
• Strengthened beams with C-FRCM and PBO-FRCM were successful in surpassing the yield 
and ultimate loads, as well as having lower yield and ultimate deflections compared to the 
uncorroded control. The failure modes were ductile, where C-FRCM had a more brittle 
failure mode than PBO-FRCM. PBO-FRCM specimens could withstand a higher ultimate 
load at a higher ultimate deflection with respect to the C-FRCM specimens. 
• This study shows FRCM can be substituted for FRP as a flexural strengthening material for 
corroded RC beams. 
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4.3 Cyclic Fatigue Testing 
4.3.1 Fatigue Life 
The fatigue life of the fatigue tested specimens are summarized in Table 4.3. The targeted 20 % 
corroded control specimen F-D20 experienced a significantly reduced fatigue life of 3036 cycles 
compared to F-D10 that was corroded to a more moderate level and lasted for 23,313 cycles. 
This observation held true even though the maximum and minimum fatigue loads of F-D20 were 
4 kN to 33 kN and F-D10 was subjected to fatigue loading between 5 kN to 35 kN for the first 
10,000 cycles and 5 kN to 40 kN for the remaining fatigue life. The results indicate that the 
severe (20 %) targeted corrosion damage greatly decreased the fatigue life of flexure critical RC 
beams subjected to fatigue loading. 
The corroded specimens strengthened with FRCM systems experienced increased fatigue lives. 
Specimens F-D10-C and F-D10-P were loaded at the same 5 kN to 40 kN loading range 
subjected to F-D10 throughout their entire fatigue life. F-D10-C lasted for 115,755 cycles and F-
D10-P failed after 103,166 cycles. Hence, the C-FRCM and PBO-FRCM strengthened 
specimens subjected to a targeted 10 % mass loss of the tensile steel lasted for 4.4 to 5.0 times 
the fatigue life of F-D10. Moreover, the fatigue lives of F-D10-C and F-D10-P could have been 
even longer with respect to F-D10, if F-D10 were loaded at the same levels as the FRCM 
strengthened specimens for its entire lifetime. Similarly, specimen F-D20-P had a 14.4 times 
greater fatigue life than F-D20 when the fatigue testing of F-D20-P was stopped at 43,763 
cycles. The reason for stopping the fatigue testing was due to observed beam softening which 
lead to the MTS hydraulic actuator no longer being able to reach the programmed testing load 
level in a stable manner as seen by the load fluctuation in Fig. 4.7 (e). F-D20-P was then loaded 
monotonically to failure; a maximum load of 38.7 kN was reached. This load level is 17.3 % 
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higher than the maximum fatigue load of 33 kN. The results would suggest corroded specimens 
with high levels of mass loss strengthened with FRCM can sustain the load for an extensive 
number of cyclic tests. 
When comparing the type of FRCM system used in strengthening the corroded RC beams, 
beams strengthened with C-FRCM and PBO-FRCM have a similar fatigue life. The difference in 
specimens F-D10-C and F-D10-P fatigue lives is only 12 % longer in favor of the C-FRCM 
composite material. More research investigation would be required to compare the effectiveness 
of C-FRCM and PBO-FRCM in prolonging the fatigue life of corroded RC beams. 
4.3.2 Fatigue Behaviour and Failure Mechanisms 
The fatigue load-deflection behaviour is represented by the hysteresis loops shown in Figs. 4.7 
(a) - (e). The complete load-deflection hysteresis data can be observed in Appendix F.1. The 
fatigue behaviour is characterised by three consecutive stages. In the first stage, the RC beam 
specimens experienced flexural cracks initiating. These cracks are initiated on the vertical 
direction and increased in quantity and quickly propagated. During this stage the beam midspan 
deflection increased rapidly due to the formation of the vertical fatigue cracks. Once this process 
stabilized, the second stage takes affect. During the second stage, the flexural crack propagated 
gradually in length at a much slower rate than stage one; the midspan deflection increased 
gradually. A primary fatigue crack was revealed within the flexural region of the beam. 
Furthermore, this stage was found to be the longest stage for all the specimens that continued as 
the major stage of the fatigue lifetime. The FRCM strengthening reduced the severity of damage 
accumulated by fatigue testing (vertical cracks and deflection) for the strengthened specimens. 
Less than 15 % of the total midspan deflection accumulated by specimens F-D10-C, F-D10-P, 
and F-D20-P occurred during the second stage which is represented in Figs. 4.7 (c), (e), and (f). 
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The third and final stage then took affect when the beams deflection started to rapidly increase 
up to failure. The vertical cracks also quickly increased in width and length as well, with a 
distinct primary crack increasing rapidly before failure. The onset of failure was due to one of 
the tensile-steel rebars rupturing. The use of FRCM in strengthening the corroded specimens F-
D10-C, F-D10-P, and F-D20-P allowed a much greater increase in the deflection up to failure 
relative to the overall deflection accumulated during all three stages (Figs. 4.7 (b), (c), and (e)). 
The failure modes of the fatigue specimens are presented in Fig. 4.8. The unstrengthened 
specimens F-D10, and F-D20 failed by one of the steel bars rupturing followed by concrete 
crushing at the location of the primary vertical flexural crack. Due to the targeted 20 % severe 
tensile steel mass loss, F-D20 additionally experienced concrete spalling at the location of the 
primary flexural crack (Fig. 4.8 (a)). 
Specimen F-D10-C failed by fabric mesh slippage from the matrix followed by rupturing of one 
of the tensile steel rebar (FS-SR). At the onset of rupture, the composite mesh slipped from the 
mortar matrix within the flexural region of the beam. The compressive concrete then 
simultaneously crushed at the location of the primary flexural crack (Fig. 4.8 (b)). Before the 
specimen failed the mesh slipping from the matrix was apparent characterised by the cracking 
noises coming from the fatigue loaded specimen. 
Specimen F-D10-P experienced a debonding failure mode followed by rupturing of one of the 
tensile steel bars (DB-SR). The debonding of the FRCM occurred within the midspan and along 
the shear critical region of the beam that was closer to the primary flexural crack. Moreover, the 
debonding mechanism of the FRCM was at the concrete matrix/interface. As the FRCM 
debonded from the beam the fatigue loading was gradually transferred to the tensile steel that 
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increased the degradation of the tensile steel microcracks. Once one tensile steel rebar fractured, 
the concrete crushed at the location of the primary flexural fatigue crack (Fig. 4.8 (c)). 
The specimen targeting a 20 % corrosion mass loss of the tensile steel rebar and strengthened 
with PBO-FRCM did not fail during fatigue testing. As previously mentioned, this specimen 
experienced beam softening in which the hydraulic actuator could no longer impose a stable load 
on the specimen as seen in Fig. 4.7 (e). Specimen F-D20-P was then loaded monotonically to 
failure and failed due to debonding mechanisms (DB) both at the steel/concrete and 
concrete/matrix interfaces. The failure occurred due to a flexural crack that propagated from the 
loading point to the tensile steel rebar, along the tensile rebar, and then finally to the tensile face 
halfway along the shear span. The steel/concrete interface along the flexural crack failed and the 
FRCM prevented the spalling of concrete. Furthermore, beyond the debonding of concrete from 
the tensile steel, the FRCM/concrete interface failed along the remainder of the shear span and at 
the U-wrap nearest the support. The failure of F-D20-P is reported in Fig. 4.8 (d). 
Further reporting of the failure mechanisms of each specimen are outlined in Appendix E. 
Table 4.3: Cyclic Fatigue Test Results 
Beam No. Specimen 
Loading Range 
(kN) 
Fatigue life 
(cycles) 
Failure Mode 
1 F-D10 5-35a, 5-40b 23,313 SR 
2 F-D10-C 5-40 115,755 FS-SR 
3 F-D10-P 5-40 103,166 DB-SR 
4 F-D20 4-33 3,036 SR 
5 F-D20-P 4-33 43,763c DB 
Fatigue loading cycles (thousands): a0-10; b10-23.            
cFatigue loading was terminated due to beam softening.         
Failure Mode: SR = Steel rupture; FS-SR = Fiber slippage followed by steel rupture; DB-SR = FRCM debonding 
followed by steel rupture; DB = debonding at the steel/concrete and the concrete/mortar interfaces. 
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(a) 
 
(b) 
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(d) 
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(e) 
Figure 4.7: Hysteresis cycle history: (a) F-D10; (b) F-D10-C; (c) F-D10-P; (d) F-D20; (e) F-
D20-P. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 4.8: Fatigue failure mode: (a) F-D20; (b) F-D10-C; (c) F-D10-P; (d) F-D20-P. 
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4.3.3 Stiffness Degradation 
The beam stiffness was calculated as the slope of the maximum and minimum data points of the 
load-deflection hysteresis loops that can be viewed in Appendix F.1. The beam stiffness 
degradation over the fatigue life of each specimen is shown in Fig. 4.9. The stiffness of the 
corroded specimen F-D10 experienced a steady decline throughout its fatigue life that ended in a 
13 % decrease in stiffness before failure. The stiffness of specimen F-D20 experienced a sharp 
16 % decrease in the first 1200 cycles. After which, it maintained a constant stiffness until 
failure. 
The FRCM strengthened specimens showed a different stiffness degradation process and it was 
divided up into three stages. The first stage was relatively short and is characterised by a 
decrease in beam’s stiffness within the first several thousand cycles. During the second stage, the 
beam’s stiffness was relatively unchanged. In the third stage the beam’s stiffness decreases 
rapidly within the last several thousand cycles. F-D10-C and F-D10-P had roughly 5 % decreases 
in stiffness in the first 1800 cycles. F-D20-P had its stiffness decrease by roughly 15 % in the 
first 1800 cycles and up to 20 % by 3600 cycles. After which the stiffness of the strengthened 
specimens remained almost constant. Just before failure, specimens F-D10-C and F-D10-P had 
retained approximately 60 % and 46 % of their original stiffness, respectively. It was later found 
specimen F-D20 had retained 39 % of its original stiffness before the fatigue testing was stopped. 
The FRCM strengthened specimens were able to keep a stable stiffness throughout their lives 
compared to the corroded counterparts with the same mass loss. In the early testing stage, up to 
21,800 cycles, specimens F-D10-C and F-D10-P had a 40 % to 45 % higher beam stiffness when 
compared to F-D10. Specimen F-D20-P showed an average of 54 % higher stiffness throughout 
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the first 3000 cycles compared to specimen F-D20. After 3000 cycles specimen F-D20-P 
continued to maintain a stiffness at least 30 % higher than F-D20 throughout the test. 
 
Figure 4.9: Beam stiffness over the fatigue life. 
4.3.4 Strain Response 
The concrete strain response measured at the midspan is presented in Fig. 4.10 and was 
generated based on the load-concrete strain hysteresis loops of Appendix F.2. The FRCM 
strengthening allowed for a constant concrete strain throughout the fatigue life. Specimen F-
D20-P had a slight increase in concrete strain within the first 1800 cycles from -482.6 µε to -
540.9 µε. This was similar to the behaviour of the fabric strain seen in the first 1800 cycles of F-
D20-P from 2234.4 µε to 4355.9 µε as seen in Fig. 4.11. This was most likely due to the increase 
in stiffness as seen in Fig. 4.9 from the development of vertical fatigue cracks in the concrete. 
Before failure the strengthened specimens experienced quick increases in the concrete strain 
within the last several thousand cycles. Since the concrete strains were low relative to the 
concrete rupturing strain, it was clear that the mode of failure was not governed by the fatigue 
damage of the compressive concrete. 
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The corroded control specimen F-D10 experienced a gradual increase in the concrete strain 
throughout the fatigue life, whereas F-D20 did not have any notable increase. Specimens F-D10 
and F-D20 had much higher concrete strains in comparison to the strengthened specimens with 
the same corrosion damage level. The concrete strain of F-D10 developed from -703 µε to -936 
µε at 21,800 cycles. The more rapid increase of the concrete strain of F-D10 after 9000 cycles 
was due to the increment of fatigue load from 35 kN to 40 kN at 9000 cycles. F-D20 had the 
highest concrete strains throughout its fatigue life reaching -1119 µε at 2700 cycles. The 
concrete strain of specimen F-D10-C up to 112,600 cycles ranged between -483 µε to -629 µε 
and further increased to -1010 µε at 115,700 cycles. PBO-FRCM allowed higher concrete strains 
than C-FRCM as seen by F-D10-P experiencing -575 µε up to -713 µε at 96,200 cycles and -
1185 µε at 103,000 cycles. F-D20-P had significantly lower concrete strains compared to the 20 
% targeted mass loss control specimen that ranged from -483 µε to -890 µε at 43,740 cycles. The 
phenomenon of the strengthened specimens reducing the concrete strain during fatigue testing 
was due to the FRCM strengthening aiding the flexural steel in tensile resistance and therefore 
lowering the neutral axis. This allowed more concrete to resist in compression and therefore 
develop lower overall strains at the same fatigue load. 
The fabric strains at the centre of the midspan at the maximum tensile face of the beam are 
shown in Fig. 4.11 and were generated based on the load-fabric strain hysteresis loops of 
Appendix F.3. The fabric strains are consistent with the concrete strains throughout the fatigue 
life in that they see little increase during the majority of the fatigue life followed by a more rapid 
increase within the last several thousand cycles before failure. The moment that the fabric strains 
begin increasing the compression strain in concrete follows. Before the onset of rapid strain 
development specimen F-D10-C was able to develop fabric strains from 1775 µε to 5048 µε 
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whereas F-D10-P underwent fabric strains of 1136 µε to 2993 µε. This may be due to the 
superior mechanical properties of PBO-FRCM compared to C-FRCM that allow the fabric strain 
to develop less under the same load level. Although specimen F-D20-P experienced a lower 
fatigue loading than F-D10-P, the fabric strains went from 2234 µε up to 6474 µε at 40,500 
cycles. The higher fabric strain development in F-D20-P compared to F-D10-P was most likely 
due to the targeted 20 % mass loss of the tensile reinforcement of F-D20-P that resulted in higher 
reduction of  the rebar cross section due to severe pitting corrosion leading to higher increases in 
the fatigue stress in the tensile steel. The strains measured before failure in specimens F-D10-C, 
F-D10-P, and F-D20-P were 6728 µε at 115,700 cycles, 22055 µε at 103,000 cycles, and 13,140 
µε at 43,740 cycles. It is important to mention the concrete and fabric component of the 
specimens did not exceed their ultimate strains. This would further suggest the fatigue failure 
was governed by the strength of the corroded steel rebar and not the deterioration of the concrete 
or FRCM composites. 
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Figure 4.10: Concrete strain over the fatigue life. 
 
Figure 4.11: Fabric strain over the fatigue life. 
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4.3.5 Cyclic Fatigue Testing Conclusions 
The cyclic fatigue testing consisted of testing corroded flexure critical RC beams having targeted 
tensile reinforcement mass losses of 10 % and 20 %. The beams were then strengthened with 
either C-FRCM or PBO-FRCM systems and loaded under cyclic fatigue loading under a four-
point bending setup. Conclusions drawn from the cyclic fatigue test results are outlined as 
follows: 
• The fatigue life of the specimen corroded to 10 % mass loss was 7.7 times longer than 
specimen corroded to a mass loss of 20 %. The higher corrosion damage led to a lower 
resistance to cyclic loading. 
• FRCM strengthening of specimens F-D10-C, F-D10-P, and F-D20-P significantly increased 
the fatigue lives of the respected corroded control counterparts of the same targeted mass loss 
by factors of 5, 4.4, and greater than 14.4, respectively. Future research should further 
investigate the ability of FRCM to increase the fatigue life of corroded RC beams at different 
levels of mass loss. There was no evidence to suggest which of C-FRCM or PBO-FRCM 
materials is superior in terms of prolonging the fatigue life of corroded RC beams. 
• Applying the FRCM to the corroded RC beams was found to reduce the fatigue flexural 
concrete crack propagation. The FRCM also allowed a smaller overall percentage of the 
midspan deflection to develop during the stage of gradual fatigue deterioration. During the 
final stage before fatigue failure, the FRCM allowed for a greater midspan deflection 
accumulation. 
• FRCM strengthened specimens failed by steel rupturing followed by concrete crushing at the 
location of the primary vertical fatigue crack. Before failure the C-FRCM experienced fabric 
slippage from the mortar matrix within the flexural region for specimen F-D10-C. PBO-
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FRCM strengthening in specimen F-D10-P debonded from the concrete substrate within the 
midspan before fracturing of the tensile steel occurred. 
• The application of FRCM raised the bending stiffness of the beam by 40 % and 30 % 
throughout the majority of the fatigue life for the targeted 10 % and 20 % mass loss 
specimens. The FRCM strengthening further demonstrated the stages of fatigue stiffness 
deterioration that were not necessarily visible in the corroded control specimens F-D10 and 
F-D20. 
• Specimens F-D10-C and F-D10-P experienced 34 % and 24 % reduced concrete strains with 
respect to F-D10 due to the C-FRCM and PBO-FRCM strengthening. Furthermore, the PBO-
FRCM caused F-D20-P to have a reduced concrete strain by 52 % compared to F-D20. 
• Several thousand cycles before the onset of failure, the carbon and PBO fabric strains in 
specimens F-D10-C and F-D10-P, respectively, increased rapidly after a previous gradual 
increase from the start of testing. The PBO fabric strain in specimen F-D10-P was noticeably 
less than the carbon fabric strain in specimen F-D10-C during testing.  
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Chapter 5 – Theoretical Ultimate Capacity Calculations 
5.1 Corroded RC Beams 
The theoretical ultimate flexural capacity of the corroded RC beams is solved using the steps 
outlined in Azad et al. (2010) and CSA A23.3-14 design code (CSA, 2014). Azad et al. (2007, 
2010) considered corrosion damage of RC beams to be a combination of the steel mass loss % 
and the bond degradation between the tensile steel and concrete. The predicted model for the 
residual flexural capacity of corroded RC beams was based on the following observations from 
experimental work done by Azad et al. (2007, 2010): 
A. The degree of corrosion increases with an increasing corrosion activity index, 𝐼𝑐𝑜𝑟𝑟𝑇. 𝐼𝑐𝑜𝑟𝑟 is 
the corrosion current density and 𝑇 is the duration in days. 
B. For a constant 𝐼𝑐𝑜𝑟𝑟𝑇, the percentage loss of metal cross sectional area is smaller for a larger 
diameter bar. 
C. The effect of reinforcement cover, within the range considered in Azad et al. (2010), has a 
small effect on metal loss at a given 𝐼𝑐𝑜𝑟𝑟𝑇. 
D. The value of 𝐶𝑓 becomes more significant at higher 𝐼𝑐𝑜𝑟𝑟𝑇 to accurately estimate the loss of 
bond at the steel/concrete interface and its effect on the ultimate flexural capacity. 
The corroded tensile rebar cross-sectional area, 𝐴𝑠𝑐 (𝑚𝑚
2), and a corrosion constant, 𝐶𝑓, are the 
variables that take these factors into consideration and are found by following eq. 5.1 to eq. 5.6. 
𝐶𝑓 represents the ratio of the residual ultimate capacity to the theoretical ultimate capacity of a 
corroded RC beam, 𝑀𝑟𝑒𝑠 𝑀𝑡ℎ𝑐⁄ . 
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The instantaneous corrosion rate, 𝐽𝑟 (𝑔 /𝑐𝑚
2/ 𝑦𝑒𝑎𝑟) is estimated from the theoretical mass loss 
of the tensile steel corroded based on the estimated corrosion mass loss percentage. 𝑚𝐿 is the 
corrosion mass loss (g), and 𝑆𝐴 is the surface area of the tensile steel corroded (𝑐𝑚2). 
𝐽𝑟 =
𝑚𝐿
𝑆𝐴 ∗ 𝑇
(5.1) 
Knowing steel density, 𝛾𝑠𝑡 = 7.85𝑔 𝑐𝑚
3⁄ , and the equivalent weight of steel, 𝑊 = 27.9 𝑔, the 
corrosion current density, 𝐼𝑐𝑜𝑟𝑟 (𝑚𝐴 𝑐𝑚
2)⁄  is solved in eq. 5.2. 𝐹 is Faradays constant. 
𝐼𝑐𝑜𝑟𝑟 =
𝐽𝑟𝐹
𝑊
(5.2) 
The metal loss rate/corrosion penetration rate, 𝑃𝑟  (𝑚𝑚 𝑑𝑎𝑦)⁄  is solved using eq. 5.3. 
𝑃𝑟 =
𝐽𝑟
𝛾𝑠𝑡
(5.3) 
The metal loss factor, 𝛼𝑚 is solved by eq. 5.4. 𝐷 (𝑚𝑚) is the original bar diameter of the tensile 
steel rebar. 
𝛼𝑚 =
2𝑃𝑟𝑇
𝐷
(5.4) 
The ultimate capacity is then calculated following CSA A23.3-14 (CSA, 2014) and including the 
calculated 𝐴𝑠𝑐 and 𝐶𝑓 as shown in eq. 5.5 and eq. 5.6. 𝐴𝑠 is the uncorroded steel rebar cross 
sectional area. Fig. 5.1 shows the cross section, strains, stresses, and forces, used in this case. 
𝐴𝑠𝑐 = (1 − 𝛼𝑚)
2𝐴𝑠 (5.5) 
𝐶𝑓 =
5
𝐷0.54(𝐼𝑐𝑜𝑟𝑟𝑇)0.19
(5.6) 
106 
 
 
Figure 5.1: Corroded beam: Left to right: cross section, strains, stresses, and forces. 
Equivalent stress block factors: 
𝛼1 = 0.85 − 0.0015𝑓𝑐
′ (5.7) 
𝛽1 = 0.97 − 0.0025𝑓𝑐
′ (5.8) 
Knowing the stress at which steel yields, 𝑓𝑦, solve for the tensile rebar force, 𝑇𝑠: 
𝑇𝑠 = 𝐶𝑓𝐴𝑠𝑐𝑓𝑦 (5.9) 
Solve for the concrete compressive force, 𝐶𝑐: 
𝐶𝑐 = 𝛼1𝑓𝑐
′𝛽1𝑐𝑏 (5.10) 
where: 𝑏 is the beam width and 𝑓𝑐
′ is the 28-day concrete compressive strength. 
The force in the longitudinal steel near the beam compressive face, 𝐶𝑠
′ (assumed in compression): 
𝐶𝑠
′ = 𝐴𝑠
′𝐸𝑠
′𝜀𝑠
′ (5.11) 
𝐴𝑠
′ , 𝐸𝑠
′, and 𝜀𝑠
′  are the cross-sectional area, modulus of elasticity, and strain of the longitudinal 
steel near the beam compressive face, respectively. 
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The distance from the midpoint of the concrete stress block to the beam compressive face, 𝑎: 
𝑎 = 𝛽1𝑐 (5.12) 
where: 𝑐 is the neutral axis depth from the compression face. 
Solve the theoretical ultimate moment capacity, 𝑀𝑟: 
𝑀𝑟 = 𝑇𝑠 (𝑑 −
𝑎
2
) − 𝐶𝑠
′ (𝑑′ −
𝑎
2
) (5.13) 
where: 𝑑 is the effective depth of the tensile reinforcement and 𝑑′ is the effective depth of the 
longitudinal steel near the beam compressive face. 
This entire process is represented by a sample calculation in Appendix G.2. 
5.2 FRCM Flexure Strengthened RC Beams 
The theoretical ultimate flexural capacity of the FRCM strengthened RC beams is solved using 
the ACI 549.4R-13 (ACI, 2013) design code. The following assumptions are made based on ACI 
549.4R-13 with respect to FRCM used as an external tensile reinforcement to enhance the 
ultimate flexural capacity: 
• Plane sections remain plane after loading. 
• The bond between the FRCM and the substrate remains effective. 
• The maximum usable compressive strain in concrete, 𝜀𝑐𝑢, is 0.003. 
• FRCM has a bilinear behaviour to failure where only the second linear part of the curve is 
used in analysis and design. 
Fig. 5.2 presents the cross section, strains, stresses, and forces with respect to the FRCM 
strengthening scheme used in this study. 
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Figure 5.2: FRCM strengthened beam: Left to right: cross section, strains, stresses, and forces. 
The following steps are used to solve for the ultimate flexural capacity. In the case of corroded 
tensile reinforcement, 𝐴𝑠 is replaced by 𝐶𝑓𝐴𝑠𝑐. 
The initial strain at the beam tensile face, 𝜀𝑓𝑖 is approximately zero.  
The FRCM longitudinal fibers at the tensile face of the beam and partially wrapped up the sides 
are divided into two parts for calculation purposes: 
(1) The cross-sectional area of the FRCM at the beam tensile face, 𝐴𝑓1 
(2) The cross-sectional area of the FRCM partially wrapped up the sides of the beam, 𝐴𝑓2 
The cross-sectional area of the FRCM at the beam tensile face, 𝐴𝑓1, and partially wrapped up the 
sides of the beam, 𝐴𝑓2, are: 
𝐴𝑓1 = 𝐴𝐹𝑅𝐶𝑀𝑤𝑓𝑛𝑓 (5.14) 
𝐴𝑓2 = 𝐴𝐹𝑅𝐶𝑀𝑤𝑓𝑛𝑓 (5.15) 
where: 𝐴𝐹𝑅𝐶𝑀 (𝑚𝑚
2/𝑚𝑚) is the area per unit width of the FRCM, 𝑤𝑓 is the width of FRCM 
sheet, and 𝑛𝑓 is the number of layers of the FRCM fabric mesh. 
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The total cross-sectional area of the longitudinal FRCM strengthening, 𝐴𝑓𝑇 is: 
𝐴𝑓𝑇 = 𝐴𝑓1 + 𝐴𝑓2 (5.16) 
The effective depth of the FRCM at the beam tensile face is 𝑑𝑓1 and the effective depth of the 
FRCM partially wrapped up the sides of the beam is 𝑑𝑓2. 
The effective depth of the total FRCM system, 𝑑𝑓𝑇, is: 
𝑑𝑓𝑇 =
𝐴𝑓1
𝐴𝑓𝑇
𝑑𝑓1 +
𝐴𝑓2
𝐴𝑓𝑇
𝑑𝑓2 (5.17) 
The compressive strain of unconfined concrete, 𝜀𝑐
′  is: 
𝜀𝑐
′ =
1.7𝑓𝑐
′
𝐸𝑐
(5.18) 
where: 𝐸𝑐 is the concrete modulus of elasticity. 
The distance to the neutral axis from the beam compressive face for iteration 𝑖, 𝑐𝑖, is found 
through an iterative process until the change in 𝑐𝑖 between iterations is less than 5 %. Estimate 
𝑐𝑖. 
The following variables are then solved: 
𝜀𝑓𝑒 = the effective tensile strain in the FRCM at failure; 
𝑓𝑓𝑒 = the effective tensile stress in the FRCM system at failure; 
𝜀𝑐 = concrete compressive strain; 
𝜀𝑠 = strain of the tensile reinforcement; 
𝜀𝑠
′ = strain of the longitudinal steel near the compressive face; 
𝑓𝑠 = the tension steel stress; 
𝑓𝑠
′ = the stress of the longitudinal steel near the beam compressive face; 
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𝛽1 and 𝛼1 = the concrete stress block factors 
𝜀𝑓𝑒 = 𝑚𝑖𝑛
{
 
 
 
 𝜀𝑐𝑢 (
𝑑𝑓𝑇 − 𝑐𝑖
𝑐𝑖
) − 𝜀𝑓𝑖
𝜀𝑓𝑢 (
𝑑𝑓𝑇 − 𝑐𝑖
𝑑𝑓1 − 𝑐𝑖
)
(5.19) 
𝑓𝑓𝑒 = 𝜀𝑓𝑒𝐸𝑓 (5.20) 
𝜀𝑐 = (𝜀𝑓𝑒 + 𝜀𝑓𝑖) (
𝑐𝑖
𝑑𝑓𝑇 − 𝑐𝑖
) (5.21) 
𝜀𝑠 = (𝜀𝑓𝑒 + 𝜀𝑓𝑖) (
𝑑 − 𝑐𝑖
𝑑𝑓𝑇 − 𝑐𝑖
) (5.22) 
𝜀𝑠
′ = 𝜀𝑐𝑢 (
𝑐𝑖 − 𝑑
′
𝑐𝑖
) (5.23) 
𝑓𝑠 = 𝑚𝑖𝑛 {
𝜀𝑠𝐸𝑠
𝑓𝑦
(5.24) 
𝑓𝑠
′ = 𝑚𝑖𝑛 {
𝜀𝑠
′𝐸𝑠
′
𝑓𝑦
′ (5.25) 
𝛽1 =
4𝜀𝑐
′ − 𝜀𝑐
6𝜀𝑐′ − 2𝜀𝑐
(5.26) 
𝛼1 =
3𝜀𝑐
′𝜀𝑐 − 𝜀𝑐
2
3𝛽1𝜀𝑐′
2 (5.27) 
The concrete compression force, 𝐶𝑐, the force in the longitudinal steel near the compressive face, 
𝐶𝑠
′ (assumed in compression), tension steel force, 𝑇𝑠, and FRCM force, 𝑇𝑓 equations are given: 
𝐶𝑐 = 𝛼1𝛽1𝑓𝑐
′𝑏𝑐𝑖+1 (5.28) 
𝐶𝑠
′ = 𝐴𝑠
′𝑓𝑠
′ (5.29) 
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𝑇𝑠 = 𝐴𝑠𝑓𝑠 (5.30) 
𝑇𝑓 = 𝐴𝑓𝑇𝑓𝑓𝑒 (5.31) 
To solve the distance to the neutral axis from the beam compression face for iteration 𝑖 + 1, 𝑐𝑖+1, 
the sum of the compression forces is equal to the sum of the tension forces: 
𝑐𝑖+1 =
𝑇𝑟 + 𝑇𝑓 − 𝐶𝑠
′
𝛼1𝛽1𝑓𝑐′𝑏
(5.32) 
Solve for the percentage difference between iterations, %𝐷𝑖𝑓𝑓: 
%𝐷𝑖𝑓𝑓 =
𝑐𝑖+1 − 𝑐𝑖
𝑐𝑖
100 (5.33) 
Solve for the distance from the midpoint of the concrete stress block to the beam compressive 
face, 𝑎 (eq. 5.12): 
The moment resistance, 𝑀𝑟: 
𝑀𝑟 = 𝑇𝑠 (𝑑 −
𝑎
2
) + 𝑇𝑓 (𝑑𝑓𝑇 −
𝑎
2
) − 𝐶𝑠
′ (𝑑′ −
𝑎
2
) (5.34) 
This entire process is represented by a sample calculation in Appendix G.3. 
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5.3 FRP Strengthened RC Beams 
Fig. 5.3 presents the cross section, strains, stresses, and forces with respect to the FRP 
strengthening scheme used in this study. According to CSA S806-12 (CSA, 2012) the following 
assumptions are made: 
• Plane sections remain plane after loading 
• There is a perfect bond between the concrete and FRP sheets 
• The ultimate strain in concrete is 0.0035 
• The tensile strength of concrete and compressive strength of the FRP are neglected 
 
Figure 5.3: FRP strengthened beam: Left to right: cross section, strains, stresses, and forces. 
FRP flexural strengthening is calculated with respect to CSA S806-12: 
Solve for the equivalent stress block factors as done in eq. 5.7 and eq. 5.8. 
Solve for the distance to the neutral axis from the beam compressive face for a balanced failure 
mode, 𝑐𝑏: 
𝑐𝑏 =
ℎ
1 +
𝜀𝑓𝑢 − 𝜀𝑓𝑖
𝜀𝑐𝑢
(5.35) 
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Variable ℎ is the beam depth, 𝜀𝑓𝑢 is the FRP rupturing strain, 𝜀𝑓𝑖 is the FRP strain under the 
beam self weight, and 𝜀𝑐𝑢 is the concrete rupturing strain. 
The FRP at the bottom of the beam and partially wrapped up the sides are divided into two parts 
for calculation purposes: 
(1) The cross-sectional area of the FRP at the beam tensile face, 𝐴𝑓1 
(2) The cross-sectional area of the FRP partially wrapped up the sides of the beam, 𝐴𝑓2 
𝐴𝑓1 = 𝑡𝑓𝑏𝑛𝑓 (5.36) 
𝐴𝑓2 = 𝑡𝑓(75 ∗ 2)𝑛𝑓 (5.37) 
where: 𝑡𝑓 is the thickness of one FRP sheet, and 𝑛𝑓 is the number of layers of FRP sheets 
applied. 
The total cross-sectional area of the longitudinal FRP strengthening, 𝐴𝑓𝑇, is found using eq. 5.16. 
The effective depth of the FRP at the beam tensile face is 𝑑𝑓1 and the effective depth of the FRP 
partially wrapped up the sides of the beam is 𝑑𝑓2. 
The effective depth of the total FRP system, 𝑑𝑓𝑇 is found in eq. 5.17. 
Solve for the concrete compression force, 𝐶𝑐, the steel tensile force, 𝑇𝑠, the force in the 
longitudinal FRP system, 𝑇𝑓, and the force in the longitudinal steel near the beam compressive 
face, 𝐶𝑠
′ (assumed in compression): 
𝐶𝑐 = 𝛼1𝑓𝑐
′𝛽1𝑐𝑏 (5.38) 
𝑇𝑠 = 𝐶𝑓𝐴𝑠𝑐𝑓𝑦 (5.39) 
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𝑇𝑓 = 𝐸𝑓𝜀𝑓𝐴𝑓 (5.40) 
𝐶𝑠
′ = 𝐴𝑠
′ 𝜀𝑠
′𝐸𝑠
′ (5.41) 
Solve for the distance from the midpoint of the concrete stress block to the beam compressive 
face, 𝑎 (eq. 5.12). 
Solve the theoretical ultimate moment capacity, 𝑀𝑟: 
𝑀𝑟 = 𝑇𝑠 (𝑑 −
𝑎
2
) + 𝑇𝑓 (𝑑𝑓𝑇 −
𝑎
2
) − 𝐶𝑠
′ (𝑑′ −
𝑎
2
) (5.42) 
This entire process is represented by a sample calculation in Appendix G.4. 
5.4 Theoretical and Experimental Ultimate Capacity of the Monotonic Specimens 
The monotonic specimens tested in chapter 4 have their theoretical and experimental ultimate 
capacities presented in Table 5.1. The theoretical ultimate capacity is calculated from eq. 5.43 
based on eq. 5.13, eq. 5.34, and eq. 5.42 that solve for 𝑀𝑟 with corrosion damage, strengthening 
with FRCM, and strengthening with FRP, respectively. Equation 5.43 is found by converting 𝑀𝑟 
to the maximum load applied at the midspan, 𝑃, based on a four-point bending setup 
demonstrated in Fig. 5.4. 
𝑃 =
2𝑀𝑟
880 𝑚𝑚
(5.43) 
The results indicated the experimental ultimate load capacity, 𝑃𝑒, was much greater than the 
theoretical ultimate load capacity, 𝑃𝑡, for all specimens which can be further seen by the ratio 
𝑃𝑒 𝑃𝑡⁄  in Table 5.1. The reason for the uncorroded control specimen, M-D0, to experience a 37 % 
higher experimental ultimate capacity was unknown. It was however assumed that 𝑃𝑡 of the other 
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specimens were also underestimated due to these specimens having the same concrete and steel 
mechanical properties. 
The affect of corrosion was considered by Azad et al. (2010). The 𝑃𝑒 𝑃𝑡⁄  was found to be higher 
than 1.37 obtained by specimen M-D0 for every corroded specimen not strengthened with G-
FRP. The 𝑃𝑒 𝑃𝑡⁄  for specimens M-D10, M-D10-C, and M-D10-P were 1.50, 1.54, and 1.39, 
respectively. Specimens M-D20, M-D20-C, and M-D-20-P were found to experience a 𝑃𝑒 𝑃𝑡⁄  of 
1.80, 1.73, and 1.80 in that order. Since the only major difference between specimens M-D10 
and M-D20, M-D10-C and M-D20-C, and M-D10-P and M-D20-P was the corrosion mass loss 
being either 10 % or 20 %, the significant difference in 𝑃𝑒 𝑃𝑡⁄  between these specimens must be 
related to the corrosion estimation used from Azad et al. (2010). Furthermore, based on the 
results in this study the corrosion mass loss estimation by Azad et al. (2010) underestimated the 
𝑃𝑒 for the specimens having a targeted 10 % mass loss. This underestimation was much greater 
for the targeted specimens with a 20 % mass loss. 
The affect of strengthening with FRCM when considering the corrosion contribution to the 
ultimate capacity estimation done by Azad et al. (2010) and the 𝑃𝑒 𝑃𝑡⁄  of specimen M-D0 was 
found to have little change on the 𝑃𝑒 𝑃𝑡⁄ . This is proven by specimens M-D10-C and M-D10-P 
having a similar 𝑃𝑒 𝑃𝑡⁄  to M-D10 and likewise when comparing the 𝑃𝑒 𝑃𝑡⁄  of M-D20 to M-D20-C 
and M-D20-P. The results of this study would suggest the estimated contribution to the ultimate 
capacity done by ACI 549.4R-13 (ACI, 2013) for the FRCM strengthened specimens is 
underestimating the 𝑃𝑡 similarly to the underestimation done by CSA A23.3.4R-13 (CSA, 2013). 
ACI 549.4R-13 is however estimating the ultimate capacity consistently with respect to 𝑃𝑒 𝑃𝑡⁄ . 
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The 𝑃𝑡 of specimen M-D20-G was 15 % less than the 𝑃𝑒 of M-D20-G. In addition, the 𝑃𝑒 𝑃𝑡⁄  of 
M-D20-G was on average 0.6. lower than the 𝑃𝑒 𝑃𝑡⁄  of specimens M-D20, M-D20-C, and M-
D20-P. This would suggest the 𝑃𝑡 based on the experimental results of M-D20-G estimated by 
CSA S806-12 (CSA, 2012) is overestimated. 
It can be concluded the experimental testing of this study is not enough to make any large 
conclusions on the reliability of Azad et al (2010), ACI-549.4R-13 (ACI, 2013), and CSA S806-
12 (CSA, 2012) for estimating the static ultimate capacity of RC beams when subjected to 
corrosion damage and when additionally strengthened with FRCM or FRP. None the less, it 
gives some insight into the consistency of the experimental results based on the corrosion 
damage and FRCM strengthening. Furthermore, the variability of the mechanical properties of 
concrete, steel rebar, and FRCM were an added parameter that would require more specimens for 
reliability based on consistency. 
Table 5.1: Theoretical and Experimental Ultimate Capacity 
Beam No. Specimen 𝑷𝒕 𝑷𝒆 𝑷𝒆 𝑷𝒕⁄  
1 M-D0 43.6 59.7 1.37 
2 M-D10 36.1 54.1 1.50 
3 M-D10-C 46.0 71.0 1.54 
4 M-D10-P 38.5 73.1 1.39 
5 M-D20 29.3 52.7 1.80 
6 M-D20-C 38.5 66.7 1.73 
7 M-D20-P 45.2 81.2 1.80 
8 M-D20-G 91.1 107.9 1.18 
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Figure 5.4: Ultimate moment capacity in four-point bending. 
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Chapter 6 – Conclusions and Recommendations for Future Work 
6.1 Overview 
An experimental program was conducted where thirteen large scale RC beams were prepared 
and twelve were subjected to an accelerated corrosion process to target a 10 % or 20 % mass loss 
of the tensile steel reinforcement. The corroded specimens were then strengthened with C-
FRCM, PBO-FRCM, or G-FRP and tested in a four-point bending configuration under a 
monotonic or cyclic fatigue load to failure. 
6.2 Conclusions 
The main conclusions drawn from this study are listed below based on corrosion damage, 
monotonic testing, and fatigue testing: 
6.2.1 Corrosion Damage 
• Longitudinal corrosion cracks on the tensile face and sides of the beam at the level of the 
tensile reinforcement were observed due to the accelerated corrosion procedure. The average 
corrosion crack width was 0.4 mm and 1.2 mm for the targeted 10 % and 20 % mass loss 
specimens, respectively. The average maximum crack width was 1.0 mm and 3.8 mm for the 
moderate and severe mass loss specimens, respectively. 
• On further inspection of the corroded rebar, extracted from the specimens after the tests, it 
was found there were both uniform and pitting corrosion mechanisms. The pitting corrosion 
was more evident in the specimens with higher levels of mass loss. Furthermore, the actual 
corrosion mass loss was found according to ASTM G1-03 to be 19 % and 6 % higher than 
the predicted mass loss using Faraday’s law for the targeted 10 % and 20 % mass loss 
specimens, respectively. 
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6.2.2 Monotonic Testing 
• The corrosion damage led to a reduced static bending performance as was expected. Control 
specimens having a targeted 10 % and 20 % mass loss experienced 8 % and 24 % lower 
loads when the tensile steel yielded and 9 % and 12 % lower ultimate capacities compared to 
the uncorroded control specimen, respectively. 
• The G-FRP strengthening system was the most performant in increasing the static 
performance of the specimens with a targeted mass loss of 20 % due to its ability to reach 
high loads at a comparatively low composite strain to FRCM. With respect to the uncorroded 
control specimen, the G-FRP strengthened specimen had a 36 % higher yield load and an 81 
% greater ultimate capacity. The G-FRP strengthened specimen failed by a G-FRP gradual 
debonding followed by a sudden debonding failure mode. 
• The FRCM strengthening increased the static bending performance of the corrosion damaged 
specimen beyond the capacity of the uncorroded control. This included higher loads at which 
the tensile steel yields and a greater ultimate capacity. Specimens strengthened with FRCM 
showed a reduced development of the concrete strain compared to the uncorroded control 
specimen at the same load levels. Furthermore, the PBO-FRCM strengthening allowed the 
beam to attain a higher ultimate load compared the C-FRCM application. 
• This study shows FRCM can be an alternative to FRP as a flexural strengthening material for 
corroded RC beams subjected to static loading. 
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6.2.3 Cyclic Fatigue Testing 
• The fatigue life of the targeted 10 % mass loss control specimen was 7.7 times longer than 
the targeted 20 % mass loss control specimen, due to the severe (20 %) mass loss incurred in 
the before mentioned specimen. The severely corroded control specimen was also loaded at a 
lower fatigue range bringing more meaning to these results. The level of corrosion has a 
significant impact on the performance of strengthened specimens. 
• FRCM strengthening of corrosion damaged specimens was found to significantly increase 
the fatigue lives of the corresponding corroded control counterparts of the same targeted 
mass loss by factors of 4.4 up to 14.4. 
• Applying the FRCM to the corroded RC beams was found to reduce the fatigue flexural 
concrete crack propagation. The FRCM also allowed a smaller overall percentage of the 
midspan deflection to develop during the stage of gradual fatigue deterioration. During the 
final stage before fatigue failure, the FRCM allowed for a greater midspan deflection 
accumulation. 
• FRCM strengthened specimens failed by steel rupturing followed by concrete crushing at the 
location of the primary vertical fatigue crack. Before failure the C-FRCM experienced fabric 
slippage from the mortar matrix within the flexural region of the beam. BPO-FRCM 
strengthening in specimen debonded from the concrete substrate within the midspan before 
fracturing of the tensile steel occurred in the specimen having a targeted 10 % corrosion mass 
loss. 
• The application of FRCM raised the bending stiffness of the beam by 40 % and 30 % for the 
targeted 10 % and 20 % mass loss specimens. The FRCM strengthening showed the stiffness 
degradation during the cyclic loading passes by three different stages of fatigue deterioration 
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with respect to the flexural cracks propagating and the midspan deflection increasing. These 
include a short rapid increase in deterioration, a slow increase in deterioration over the 
majority of the fatigue life, and an increasingly rapid increase in deterioration up to failure. 
These stages were not necessarily visible in the corroded control specimens. 
• Specimens using C-FRCM and PBO-FRCM strengthening caused 40 % and 26 % reduced 
concrete strains, at the same comparable fatigue load levels, with respect to the targeted 10 % 
corroded control specimen, respectively. Furthermore, the PBO-FRCM strengthening 
incorporated in the targeted 20 % mass loss specimen caused a 52 % reduced concrete strain 
compared to the corresponding corroded control specimen. 
• Several thousand cycles before the onset of failure, the carbon and PBO fabric strains 
increased rapidly after a previous gradual increase from the start of testing. The PBO fabric 
strain was noticeably less than the carbon fabric strain during testing. 
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6.3 Recommendations for Future Work 
This thesis produced results that are currently needed in the body of literature on the potential of 
using FRCM as a strengthening material for flexure critical RC beams that have undergone 
damage due to corrosion of the tensile reinforcement. This study further included both 
monotonic and cyclic loading. The effect of the corrosion levels along the entire length of 
reinforcement was quantified. Comparison of the three strengthening materials C-FRCM, PBO-
FRCM, and G-FRP performance is a contribution of this work. Further research should 
investigate the following variables: 
• Compare the effectiveness of different FRCM types such as G-FRCM, B-FRCM, C-FRCM, 
and PBO-FRCM. 
• Testing specimens with high corrosion damage to simulate extreme cases (30 % or more 
mass loss). 
• Investigate the effect of the amplitude of the cyclic load range.  
• Study the effect of the rebar sizes on the corrosion process as well as its effect on the 
performance of the rehabilitation.  
• Study the effect of concrete strength on the performance of rehabilitated beams. Study locally 
corroded rebars by coating the steel not meant to be included with an epoxy to avoid rusting 
from taking place. 
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Appendix A – Accelerated Corrosion Time for 10 % Mass Loss by Faraday’s Law 
Circumference of the tensile rebar, 𝐶𝑡𝑒𝑛 = 35.5 𝑚𝑚. 
Length of the tensile rebar that is not protected with liquid rubber at the ends, 𝐿𝑡𝑒𝑛 = 2280 𝑚𝑚. 
Number of tensile rebar, 𝑛𝑡𝑒𝑛 = 2. 
Surface area of the tensile rebar, 𝑆𝐴𝑡𝑒𝑛: 
𝑆𝐴𝑡𝑒𝑛 = 𝐶𝑡𝑒𝑛𝐿𝑡𝑒𝑛𝑛𝑡𝑒𝑛 = 1620𝑐𝑚
2 
Initial mass per unit metre of the tensile rebar, 𝑚𝑖𝑙 = 0.8 𝑘𝑔/𝑚. 
Initial mass of the tensile rebar, 𝑚𝑖: 
𝑚𝑖 = 𝐿𝑡𝑒𝑛𝑛𝑡𝑒𝑛𝑚𝑖𝑙 = 3.648 𝑘𝑔 
Number of stirrups, 𝑛𝑠𝑡𝑖𝑟 = 16. 
Circumference of the stirrups, 𝐶𝑠𝑡𝑖𝑟 = 25.1 𝑚𝑚. 
Length of the stirrups that is subjected to corrosion, 𝐿𝑠𝑡𝑖𝑟 𝑐𝑜𝑟 = 130 𝑚𝑚. 
Surface area of the stirrups corroded, 𝑆𝐴𝑠𝑡𝑖𝑟:   
𝑆𝐴𝑠𝑡𝑖𝑟 = 𝐿𝑠𝑡𝑖𝑟 𝑐𝑜𝑟𝑛𝑠𝑡𝑖𝑟𝐶𝑠𝑡𝑖𝑟 = 520 𝑐𝑚
2 
Total surface area of the corroded steel, 𝑆𝐴𝑇𝑂𝑇: 
𝑆𝐴𝑇𝑂𝑇 = 𝑆𝐴𝑡𝑒𝑛 + 𝑆𝐴𝑠𝑡𝑖𝑟 = 2140 𝑚𝑚
2 
Percentage of the current applied to the tensile rebar, 𝐼𝑡𝑒𝑛%: 
𝐼𝑡𝑒𝑛% =
𝑆𝐴𝑡𝑒𝑛
𝑆𝐴𝑇𝑂𝑇
∗ 100 % = 75.7 % 
Applied current, 𝐼 = 730 𝑚𝐴. 
Atomic weight of iron, 𝛼 = 55.85 𝑔 𝑚𝑜𝑙⁄ . 
Iron valence electrons, 𝑛 = 2. 
Faraday’s constant, 𝐹 = 96487 𝐶/𝑚𝑜𝑙. 
Current Density, 𝐼𝑑: 
𝐼𝑑 =
𝐼
𝑆𝐴𝑇𝑂𝑇
= 341
𝜇𝐴
𝑐𝑚2
 
Corrosion mass loss = 𝑚𝐿 = 0.1𝑚𝑖 = 365 𝑔. 
Current working towards corroding the tensile steel, 𝐼𝑡𝑒𝑛: 
𝐼𝑡𝑒𝑛 = 𝐼𝑡𝑒𝑛%𝐼 = 553 𝑚𝐴 
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Faraday’s Law: 
𝑚𝐿 =
𝛼𝑡𝐼
𝑛𝐹
 
Rearranging to find the corrosion duration, 𝑇: 
𝑇 =
𝑚𝑛𝐹
𝛼𝐼𝑡𝑒𝑛
= 2280570 𝑠 
𝑇 = 2280570 𝑠 ∗
1 𝑑𝑎𝑦
86400 𝑠
= 26.4 ≅ 26.5 𝑑𝑎𝑦𝑠 
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Appendix B – FRCM Application 
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(s) 
Figure B.1: PBO-FRCM application for specimen F-D20-P: (a) first layer of 
mortar; (b) first longitudinal PBO fabric sheet; (c) impregnate PBO fabric sheet; (d) 
second view of PBO fabric sheet impregnated; (e) apply second layer of mortar; (f) apply 
second layer of mortar; (g) apply second longitudinal fabric sheet; (h) impregnate PBO 
sheet; (i) second view of impregnating the PBO fabric sheet; (j) apply additional layer of 
mortar for the longitudinal strengthening; (k) apply mortar for the U-wrap sheets; (l) 
impregange the first layer of U-wrap sheets; (m) second view of U-wrap impregnation; 
(n) additional view of U-wrap application; (o) apply mortar over the first layer of U-
wraps; (p) apply second layer of U-wraps; (q) apply final layer of U-wrap mortar; (r) 
finish the surface; (s) prepared wetted burlap and tarp for curing. 
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Appendix C – Corroded and Cracked Specimens 
 
Figure C.1: Corrosion damage: Specimen F-D10-C. 
 
Figure C.2: Corrosion damage: Specimen M-D10-C. 
 
Figure C.3: Corrosion damage: Specimen F-D10. 
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Figure C.4: Corrosion damage: Specimen M-D10-P. 
 
Figure C.5: Corrosion damage: Specimen M-D10. 
 
Figure C.6: Corrosion damage: Specimen F-D10-P. 
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Figure C.7: Corrosion damage: Specimen M-D20-P. 
 
Figure C.8: Corrosion damage: Specimen M-D20. 
 
Figure C.9: Corrosion damage: Specimen F-D20-P. 
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Figure C.10: Corrosion damage: Specimen M-D20-G. 
 
Figure C.11: Corrosion damage: Specimen M-D20-C. 
 
Figure C.12: Corrosion damage: Specimen F-D20. 
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Figure C.13: Corrosion crack pattern (mm): Specimen M-D10-P.
 
Figure C.14: Corrosion crack pattern (mm): Specimen F-D10-P.
 
Figure C.15: Corrosion crack pattern (mm): Specimen M-D10. 
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Figure C.16: Corrosion crack pattern (mm): Specimen F-D10.
 
Figure C.17: Corrosion crack pattern (mm): Specimen M-D10-C.
 
Figure C.18: Corrosion crack pattern (mm): Specimen F-D10-C. 
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Figure C.19: Corrosion crack pattern (mm): Specimen M-D20-P. 
 
Figure C.20: Corrosion crack pattern (mm): Specimen M-D20. 
 
Figure C.21: Corrosion crack pattern (mm): Specimen F-D20-P. 
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Figure C.22: Corrosion crack pattern (mm): Specimen M-D20-G. 
 
Figure C.23: Corrosion crack pattern (mm): Specimen M-D20-C. 
 
Figure C.24: Corrosion crack pattern (mm): Specimen F-D20. 
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Appendix D – Chemical Mass Loss Procedure 
The measured mass loss of the tensile reinforcement was verified by a galvanostatic chemical 
mass loss procedure based on ASTM G1-03 (ASTM, 2017). 
Items and chemicals needed: 
• Acid resistant container 
• Beaker (1 Litre) 
• Bristle brush (non-metallic) 
• Chemical disposal container 
• Distilled water 
• Face mask and eye protection 
• Fume hood 
• Gloves 
• Hexamethylenetetramine (𝐶6𝐻12𝑁4) 
• Hydrochloric acid (𝐻𝐶𝑙) 
• Mass scale 
• Measuring cylinder 
• Stirring plate and stir bar 
• Tongs 
Procedure: 
1. Cut 3-400 mm coupons from each individual tensile rebar. 
2. Remove the concrete from the coupons by scrubbing with a bristle brush. 
3. Measure and record the length and weight of the coupons. 
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4. Set the steel coupons inside the acid resistant container 
5. Having the stir bar inside the beaker, position the beaker on the stirring plate within the fume 
hood. 
6. Pour one-part distilled water into the beaker followed by one-part 𝐻𝐶𝑙. 
7. Stir the solution for one minute or until it is fully dissolved. 
8. Add 7 grams of 𝐶6𝐻12𝑁4 proportional to 1000 ml of distilled water in the solution. Then stir 
the solution for one minute or until it is completely dissolved. 
9. Pour the solution into the acid resistant container. 
10. Repeat steps 5 to 8 until the bars are fully submerged. 
11. Leave the coupons in the acid filled container for approximately 10-15 minutes. 
12. Remove the bars from the solution, rinse with water, and leave to dry. 
13. After the steel coupons are fully dry, clean them with the bristle brush. 
14. Measure and record the new weight of the steel coupons. 
15. Repeat the steps until the weight reduction of the steel coupons remains constant. 
The mass loss calculation can finally be done after wrapping up the procedure. A control bar 
must be utilized to compare the mass loss of the corroded bars to a bar that has not been 
corroded. To do this, steel coupons were taken from the control RC specimens that did not 
undergo the accelerated corrosion procedure (i.e. M-D0 and F-D0). The mass and length of each 
coupon gives a ratio which was then averaged for all the control coupons. The mass to length 
ratio of the control coupons was directly compared to the mass to length ratio of the corroded 
steel coupons to determine the mass loss of each coupon. Furthermore, the average mass loss of 
all the steel coupons from the same rebar and specimen altogether was finally calculated and was 
presented in this study. 
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Appendix E – Failure Mode of each Specimen 
Specimen M-D0 failed by the tensile steel yielding followed by concrete crushing within the 
midspan as seen in Fig. E.1. 
 
Figure E.1: Specimen M-D0 failure mode. 
Specimen M-D10 failed in a similar way as M-D0 as seen in Fig. E.2 (a). Due to the corrosion 
damage, concrete spalling ocured as well within the midspan (Fig. E.2 (b)). 
 
(a) 
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(b) 
Figure E.2: Specimen M-D10 failure mode: (a) Concrete crushing at failure; (b) concrete 
spalling. 
Specimen M-D10-C first experienced steel yeilding followed by progressive debonding of the 
fabric from the matrix indicated by cracking sounds. At the onset of failure the fabric extensively 
slipped from the matrix within the flexural region (Fig. E.3). The highlighted outline in Fig. E.3 
represents the FRCM debonding region and was checked by tapping with a hammer. This 
process was done for all FRCM strengthened specimens. 
 
Figure E.3: Specimen M-D10-C failure mode. 
Specimen M-D10-P experienced yielding of the tensile rebar, followed by fabric slipping in the 
shear region of the beam. Eventually, the flexural PBO-FRCM sheets completely debonded at 
the matrix/concrete interface within the shear region of the beam (Fig. E.4 (a)) emmidietely 
leading to concrete crushing within the midspan. The U-wraps at the loading points and near the 
supports also partially debonded as outlined in Fig. E.4 (b). 
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(a) 
 
(b) 
Figure E.4: Specimen M-D10-P failure mode: (a) Flexural PBO-FRCM sheets debonding; (b) 
outline of debonding zone within the shear span. 
Fig. E.5 shows the concrete spalling along the majority of the clear span of specimen M-D20 due 
to failure of the specimen and severe (20 % mass loss) corrosion damage. This specimen failed 
similarly to the other control specimens loaded monotonically by steel yielding followed by 
concrete crushing. 
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Figure E.5: Specimen M-D20 failure mode. 
Specimen M-D20-C failed similarly to M-D10-C where there was yielding of the tensile steel, 
followed by matrix cracking and finally experiencing significant fabric slippage at the matrix 
concrete interface within the midspan. At the onset of failure, the concrete crushed at the location 
of a primary flexural crack within the midspan as seen in Fig E.6 (a). Fig. E.6 (b) shows the U-
wraps at the loading points helped prolong this failure from occurring by providing anchorage as 
they did not debond. 
 
 
(a) 
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(b) 
Figure E.6: Specimen M-D20-C failure mode: (a) Extensive fabric slipping and concrete 
crushing; (b) locations of debonding by fabric slippage from the matrix. 
Specimen M-D20-P failed similarly to M-D10-P where there was steel yielding followed by 
debonding at the matrix/concrete interface within the shear span of the flexural PBO-FRCM 
sheets (Fig. E.7 (a) - (b)). Concrete crushed at the onset of failure with the partnering of a 
primary flexural crack travelling partly along the tensile steel/concrete interface partly due to the 
severe (20 % mass loss) corrosion damage (Fig. E.7 (c)). The U-wraps at the loading points and 
near the supports experienced partial debonding from the beam. 
 
(a) 
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(b) 
 
(c) 
Figure E.7: Specimen M-D20-P failure mode: (a) M-D20-P at failure; (b) location of FRCM 
debonding within the shear span; (c) FRCM peeled back to reveal primary flexural crack 
travelling partly along the steel/concrete interface. 
Specimen M-D20-G experienced progressive debonding of the G-FRP from the midspan towards 
the supports after the tensile steel yielded. The concrete crushed within the midspan once the 
FRP U-wrap at one of the supports completely debonded as seen in Fig. E.8 (a). Upon further 
inspection the primary failure crack was similar to the one experienced by M-D20-P in which the 
crack partly travelled along the steel/concrete interface (Fig. E.8 (b)). Furthermore, the flexural 
FRP sheet debonded from the concrete at the side of the beam and not on the tensile surface of 
the beam. The concrete spalled from the tensile face of the beam due to the severe (20 % mass 
loss) corrosion damage and the FRP aiding in pulling the concrete cover away from the tensile 
steel. 
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(a) 
 
(b) 
Figure E.8: Specimen M-D20-G failure mode: (a) FRP debonding and concrete crushing; (b) 
view of primary flexural crack. 
Specimen F-D10 failed by one of the tensile steel rebar fracturing, followed by a sudden increase 
in deflection where the concrete emmidietely crushed just outside the midspan as seen in Fig. 
E.9. A primary flexural crack accompanied the concrete crushing that travelled slightly outside 
the midspan as well. 
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Figure E.9: Specimen F-D10 failure mode. 
Specimen F-D10-C experienced progressive fabric slippage from the matrix within the flexural 
region of the beam and part of the shear span (Fig. E.10 (b)). This was noticeable due to the 
cracking noises coming from the specimen during cyclic testing. Eventually, one of the tensile 
steel bars suddenly fractured and the fabric quickly slipped from the matrix extensively as seen 
in Fig. E.10 (a). At this moment the concrete crushed at the location of the primary flexural crack 
within the midspan. 
 
(a) 
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(b) 
Figure E.10: Specimen F-D10-C failure mode: (a) extensive fabric slippage and concretre 
crushing; (b) location of fabric debonding from the matrix. 
Specimen F-D10-P underwent progressive FRCM debonding at the concrete/matrix interface 
within the midspan and the shear span nearest the primary flexural crack. As more of the FRCM 
debonded, the load was further transferred to the tensile rebar. Eventually, the tensile steel 
ruptured (Fig. E.11 (c)) and the concrete crushed at the location of the primary flexural crack 
opening within the midspan (Fig. E.11 (a) - (b)). 
 
(a) 
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(b) 
 
(c) 
Figure E.11: Specimen F-D10-P failure mode: (a) FRCM debonding and concrete crushing; (b) 
second view of FRCM debonding and concrete crushing; (c) image of the ruptured tensile steel 
after removing the concrete cover. 
Specimen F-D20 failed similarly to F-D10 where the tenisle steel ruptured (Fig. E.12 (c)) 
followed by the concrete crushing (Fig. E.12 (a)). Additionally, some of the concrete cover 
spalled partly due to the corroison damage (Fig. E.12 (b)). 
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(a) 
 
(b) 
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(c) 
Figure E.12: Specimen F-D20 failure mode: (a) Concrete crushing and spalling; (b) image of the 
ruptured tensile steel after removing the concrete cover. 
Specimen F-D20-P underwent fatigue testing until the hydraulic actuator could no longer 
maintain the same fatigue loading range without being in an unstable state due to softening of the 
beam. The specimen was then loaded monotonically to failure under the same loading scheme as 
the monotonic specimens. Specimen F-D20-P failed due to a debonding mechanism both at the 
steel/concrete and concrete/matrix interfaces similar to specimen M-D20-P (Fig. E.13 (a)). The 
failure was observed as a flexural crack that travelled from the loading point to the tensile steel 
rebar, along the tensile rebar, and then finally to the tensile face of the beam halfway along the 
shear span (Figs. E.13 (b) - (c)). The steel/concrete interface along the flexural crack was 
debonded and the FRCM prevented spalling of the concrete. Furthermore, beyond the flexural 
crack, the FRCM debonded from the concrete at the concrete/matrix interface along the 
remainder of the shear span and at the U-wrap nearest the support (Figs. E.13 (b) - (c)). The 
FRCM was also partically debonded up to reaching the midspan. 
 
 
(a) 
Steel Bar Rupture 
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(b) 
 
(c) 
Figure E.13: Specimen F-D20-P failure mode: (a) FRCM debonding and concrete crushing; (b) 
location of the FRCM debonding in the shear span; (c) FRCM peeled back to reveal the primary 
flexural crack at failure. 
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Appendix F – Cyclic Testing Hysteresis Loops 
F.1 Load-Deflection Hysteresis Loops 
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          (o)                 (p) 
 
          (q)                 (r) 
 
(s) 
Figure F.1: Specimen F-D0 load-deflection hysteresis loops (thousands of cycles): (a) 0-10; (b) 
10-20; (c) 20-30; (d) 30-40; (e) 40-50; (f) 50-60; (g) 60-70; (h) 70-90; (i) 90-110; (j) 110-130; 
(k) 130-150; (l) 150-170; ): (m) 170-190; (n) 190-210; (o) 210-230; (p) 230-250; (q) 250-270; (r) 
270-290; (s) 290-293.348. 
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          (a)                 (b) 
 
(c) 
Figure F.2: Specimen F-D10 load-deflection hysteresis loops (thousands of cycles): (a) 0-9; (b) 
9-20; (c) 20-23.313. 
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          (e)                 (f) 
 
(g) 
Figure F.3: Specimen F-D10-C load-deflection hysteresis loops (thousands of cycles): (a) 0-20; 
(b) 20-40; (c) 40-60; (d) 60-80; (e) 80-100; (f) 100-113; (g) 113-115.755. 
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          (e)                 (f) 
Figure F.4: Specimen F-D10-P load-deflection hysteresis loops (thousands of cycles): (a) 0-20; 
(b) 20-40; (c) 40-60; (d) 60-80; (e) 80-100; (f) 100-103.166. 
  
          (a)                 (b) 
Figure F.5: Specimen F-D20 load-deflection hysteresis loops (thousands of cycles): (a) 0-2.4; (b) 
2.4-3.036. 
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          (c)                 (d) 
Figure F.6: Specimen F-D20-P load-deflection hysteresis loops (thousands of cycles): (a) 0-20.7; 
(b) 20.7-40.5; (c) 40.5-41.992; (d) 41.992-43.763. 
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F.2 Load-Concrete Strain Hysteresis Loops 
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(s) 
Figure F.7: Specimen F-D0 load-concrete strain hysteresis loops (thousands of cycles): (a) 0-10; 
(b) 10-20; (c) 20-30; (d) 30-40; (e) 40-50; (f) 50-60; (g) 60-70; (h) 70-90; (i) 90-110; (j) 110-
130; (k) 130-150; (l) 150-170; ): (m) 170-190; (n) 190-210; (o) 210-230; (p) 230-250; (q) 250-
270; (r) 270-290; (s) 290-293.348. 
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(c) 
Figure F.8: Specimen F-D10 load-concrete strain hysteresis loops (thousands of cycles): (a) 0-9; 
(b) 9-20; (c) 20-23.313. 
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(g) 
Figure F.9: Specimen F-D10-C load-concrete strain hysteresis loops (thousands of cycles): (a) 0-
20; (b) 20-40; (c) 40-60; (d) 60-80; (e) 80-100; (f) 100-113; (g) 113-115.755. 
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                (e)                    (f) 
Figure F.10: Specimen F-D10-P load-concrete strain hysteresis loops (thousands of cycles): (a) 
0-20; (b) 20-40; (c) 40-60; (d) 60-80; (e) 80-100; (f) 100-103.166. 
 
                (a)                    (b) 
Figure F.11: Specimen F-D20 load-concrete strain hysteresis loops (thousands of cycles): (a) 0-
2.4; (b) 2.4-3.036. 
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                (c)                    (d) 
Figure F.12: Specimen F-D20-P load-concrete strain hysteresis loops (thousands of cycles): (a) 
0-20.7; (b) 20.7-40.5; (c) 40.5-41.992; (d) 41.992-43.763. 
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F.3 Load-Fabric Strain Hysteresis Loops 
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(g) 
Figure F.13: Specimen F-D10-C load-fabric strain hysteresis loops (thousands of cycles): (a) 0-
20; (b) 20-40; (c) 40-60; (d) 60-80; (e) 80-100; (f) 100-113; (g) 113-115.755. 
 
                    (a)                       (b) 
 
                    (c)                       (d) 
 
 
 
0
10
20
30
40
50
0 1000 2000 3000 4000
L
o
ad
 (
k
N
)
Microstrain
113
113.6
114.2
114.8
115.7
0
10
20
30
40
50
0 500 1000 1500 2000 2500
L
o
ad
 (
k
N
)
Microstrain
0
3.6
7.2
10.8
14.4
20
0
10
20
30
40
50
0 500 1000 1500
L
o
ad
 (
k
N
)
Microstrain
20
0
10
20
30
40
50
0 500 1000 1500
L
o
ad
 (
k
N
)
Microstrain
40
43.6
47.2
50.8
54.4
60
0
10
20
30
40
50
0 500 1000 1500
L
o
ad
 (
k
N
)
Microstrain
60
63.6
67.2
70.8
74.4
80
176 
 
 
                    (e)                       (f) 
Figure F.14: Specimen F-D10-P load-fabric strain hysteresis loops (thousands of cycles): (a) 0-
20; (b) 20-40; (c) 40-60; (d) 60-80; (e) 80-100; (f) 100-103.166. 
 
                    (a)                       (b) 
 
                    (c)                       (d) 
Figure F.15: Specimen F-D20-P load-fabric strain hysteresis loops (thousands of cycles): (a) 0-
20.7; (b) 20.7-40.5; (c) 40.5-41.992; (d) 41.992-43.763. 
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Appendix G – Theoretical Ultimate Capacity Sample Calculations 
G.1 Control RC Beam 
𝑓𝑦 = 510 𝑀𝑃𝑎;  𝑓𝑐
′ = 24 𝑀𝑃𝑎;  ℎ = 250 𝑚𝑚; 𝑏 = 150 𝑚𝑚;𝐴𝑠 = 200 𝑚𝑚
2; 
𝐴𝑠
′ = 100 𝑚𝑚2;  𝐷 = 11.3 𝑚𝑚;𝐷′ = 8 𝑚𝑚;  𝑐𝑜𝑣𝑒𝑟 = 30 𝑚𝑚;𝐸𝑠
′ = 200 𝐺𝑃𝑎 
where: 𝐷′ is the diameter of the longitudinal steel near the compressive face, and 𝑐𝑜𝑣𝑒𝑟 is the 
clear concrete cover to the stirrups. 
 
Figure G.1: RC beam: Left to right: cross section, strains, stresses, and forces. 
The effective depth, 𝑑: 
𝑑 = ℎ − 𝑐𝑜𝑣𝑒𝑟 − 𝐷′ −
𝐷
2
= 206.4 𝑚𝑚  
𝑑′ = 𝑐𝑜𝑣𝑒𝑟 + 𝐷′ +
𝐷′
2
= 42.0 𝑚𝑚  
Equivalent stress block factors: 
𝛼1 = 0.85 − 0.0015𝑓𝑐
′ = 0.814  
𝛽1 = 0.97 − 0.0025𝑓𝑐
′ = 0.91  
The Tensile rebar force, 𝑇𝑠: 
𝑇𝑠 = 𝐴𝑠𝑓𝑦  
The concrete compression force, 𝐶𝑐: 
𝐶𝑐 = 𝛼1𝛽1𝑓𝑐
′𝑏𝑐 
Assume the longitudinal steel near the beam compressive face is below the neutral axis and has 
not yielded: 
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𝜀𝑠
′ = 0.0035 (
𝑑′ − 𝑐
𝑐
) 
The force in the longitudinal steel near the beam compressive face (in tension), 𝑇𝑠
′: 
𝑇𝑠
′ = 𝐴𝑠
′𝐸𝑠
′𝜀𝑠
′  
The sum of the beam compression forces equals the sum of the beam tension forces: 
∑𝐶 =∑𝑇  
𝐶𝑐 = 𝑇𝑠
′ + 𝑇𝑠 
𝛼1𝛽1𝑓𝑐
′𝑏𝑐 = 𝐴𝑠
′𝐸𝑠
′𝜀𝑠
′ + 𝐴𝑠𝑓𝑦 
Substituting values, simplifying and solving for 𝑐: 
(0.814)(0.91)(24)(150)𝑐 = (100)(200000) [0.0035 (
42 − 𝑐
𝑐
)] + (200)(510) 
𝑐2 − 12𝑐 − 1102.5 = 0 
𝑐 = 39.7 𝑚𝑚 
Since 𝑐 < 𝑑′, the assumption is correct. Solve for the compressive and tension forces and check  
∑𝐶 = ∑𝑇. 
𝑇𝑠 = 𝐴𝑠𝑓𝑦 = 102 𝑘𝑁  
𝐶𝑐 = 𝛼1𝛽1𝑓𝑐
′𝑏𝑐 = 106 𝑘𝑁 
𝑇𝑠
′ = 𝐴𝑠
′𝐸𝑠
′𝜀𝑠
′ = 4 𝑘𝑁  
∴∑𝐶 =∑𝑇 
Solve for the distance from the midpoint of the concrete stress block to the beam compressive 
face, 𝑎: 
𝑎 = 𝛽1𝑐 = 36.1 𝑚𝑚 
The theoretical ultimate moment capacity, 𝑀𝑟: 
𝑀𝑟 = 𝑇𝑠 (𝑑 −
𝑎
2
) + 𝑇𝑠
′ (𝑑′ −
𝑎
2
) = 19.2 𝑘𝑁𝑚  
The maximum load applied at the midspan, 𝑃: 
𝑃 =
𝑀𝑟 ∗ 2
880 𝑚𝑚
= 43.6 𝑘𝑁  
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G.2 RC Beam with 10 % Corrosion Mass Loss 
𝑓𝑦 = 510 𝑀𝑃𝑎; 𝑓𝑐
′ = 24 𝑀𝑃𝑎;  ℎ = 250 𝑚𝑚;  𝑏 = 150 𝑚𝑚; 𝐴𝑠 = 200 𝑚𝑚
2;  𝐴𝑠
′ = 100 𝑚𝑚2 
𝐷 = 11.3 𝑚𝑚;  𝑐𝑜𝑣𝑒𝑟 = 30 𝑚𝑚;𝐷𝑠𝑡𝑖𝑟 = 8 𝑚𝑚; 𝑑 = 206.4 𝑚𝑚; 𝛼1 = 0.814; 𝛽1 = 0.91; 𝐸𝑠
′ = 200 𝐺𝑃𝑎 
 
Figure G.2: Corroded beam: Left to right: cross section, strains, stresses, and forces. 
𝐷𝑠𝑡𝑖𝑟 is the diameter of the stirrups. The circumference of the stirrups and tensile rebar is 
𝐶𝑠𝑡𝑖𝑟 and 𝐶𝑡𝑒𝑛 respectively: 
𝐶𝑠𝑡𝑖𝑟 = 𝜋𝐷𝑠𝑡𝑖𝑟 = 25.1 𝑚𝑚  
𝐶𝑡𝑒𝑛 = 𝜋𝐷 = 35.5 𝑚𝑚  
The length of the stirrup that is subjected to corrosion, 𝐿𝑠𝑡𝑖𝑟 𝑐𝑜𝑟 is the portion of the stirrup that is 
below the top of the tensile reinforcement. Therefore, it is approximately 130 mm. 
𝐿𝑠𝑡𝑖𝑟 𝑐𝑜𝑟 = [𝑏 − 2𝑐𝑜𝑣𝑒𝑟] + 2(𝐷 + 𝐷
′) ≅ 130 𝑚𝑚  
The length of the tensile rebar that is not protected with liquid rubber at the ends, 𝐿𝑡𝑒𝑛 =
2280 𝑚𝑚: 
The number of stirrups, 𝑛𝑠𝑡𝑖𝑟, is 16. The surface area of the stirrups corroded, 𝑆𝐴𝑠𝑡𝑖𝑟: 
𝑆𝐴𝑠𝑡𝑖𝑟 = 𝑛𝑠𝑡𝑖𝑟 ∗ 𝐿𝑠𝑡𝑖𝑟 𝑐𝑜𝑟 ∗ 𝐶𝑠𝑡𝑖𝑟 ≅ 520 𝑐𝑚
2  
The number of tensile rebar, 𝑛𝑡𝑒𝑛, is 2. The surface area of the tensile rebar, 𝑆𝐴𝑡𝑒𝑛: 
𝑆𝐴𝑡𝑒𝑛 = 𝐶𝑡𝑒𝑛 ∗ 𝐿𝑡𝑒𝑛 ∗ 𝑛𝑡𝑒𝑛 = 1620 𝑐𝑚
2  
Total surface area of the corroded steel, 𝑆𝐴𝑇𝑂𝑇: 
𝑆𝐴𝑇𝑂𝑇 = 𝑆𝐴𝑡𝑒𝑛 ∗ 𝑆𝐴𝑠𝑡𝑖𝑟 = 2140 𝑐𝑚
2 
The average current applied is 730 mA (𝐼 = 730 𝑚𝐴). 
Assuming the current corrodes the bottom rebar and stirrups at the same rate, solve for the 
current working towards corroding the tensile steel, 𝐼𝑡𝑒𝑛. This is based on the percentage of steel 
surface area that is of the tensile rebar, 𝐼𝑡𝑒𝑛%: 
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𝐼𝑡𝑒𝑛% =
𝑆𝐴𝑡𝑒𝑛
𝑆𝐴𝑇𝑂𝑇
∗ 100 % = 75.7 % 
𝐼𝑡𝑒𝑛 = 𝐼𝑡𝑒𝑛%𝐼 = 553 𝑚𝐴  
Knowing the initial mass per unit metre of the tensile rebar, 𝑚𝑖𝑙, was found to be 0.8 kg/m, the 
initial mass of tensile rebar, 𝑚𝑖 is: 
𝑚𝑖 = 𝑚𝑖𝑙 ∗ 𝐿𝑡𝑒𝑛 ∗ 𝑛𝑡𝑒𝑛 = 3.648 𝑘𝑔  
Mass loss of tensile rebar, 𝑚𝐿, based on a 10 % mass loss: 
𝑚𝐿 = 0.1𝑚𝑖 = 364.8 𝑔  
The time needed to corrode the tensile steel to 10 % mass loss or the accelerated corrosion 
exposure time, 𝑇, using Faraday’s Law: 
where: 𝑛 is the valence electrons (2 for iron), 𝐹 is Faraday’s constant (96487 A*s/mol), and 𝛼 is 
the atomic mass of iron (55.85 g/mol). 
𝑇 =
𝑚𝐿𝑛𝐹
𝛼𝐼𝑡𝑒𝑛
= 26.5 𝑑𝑎𝑦𝑠  
The instantaneous corrosion rate, 𝐽𝑟: 
 
𝐽𝑟 =
𝑚𝐿
𝑆𝐴𝑡𝑒𝑛 ∗ 𝑇
=
364.8 𝑔
1620 𝑐𝑚2 ∗ 26.5 𝑑𝑎𝑦𝑠
∗
365 𝑑𝑎𝑦𝑠
1 𝑦𝑒𝑎𝑟
= 3.10 
𝑔
𝑐𝑚2 ∗ 𝑦𝑒𝑎𝑟
 
 
Knowing steel density, 𝛾𝑠𝑡 = 7.85
𝑔
𝑐𝑚3
, and the equivalent weight of steel, 𝑊 = 27.9 𝑔, solve for 
the corrosion current density, 𝐼𝑐𝑜𝑟𝑟: 
 
𝑃𝑟 =
𝑊
𝐹𝛾𝑠𝑡
𝐼𝑐𝑜𝑟𝑟 =
𝐽𝑟
𝛾𝑠𝑡
 
𝐼𝑐𝑜𝑟𝑟 =
𝐽𝑟𝐹
𝑊
 
𝐼𝑐𝑜𝑟𝑟 =
3.10
𝑔
𝑐𝑚2 ∗ 𝑦𝑒𝑎𝑟
∗ 96487 
𝐴 ∗ 𝑠
𝑚𝑜𝑙
27.9 𝑔
∗
1000 𝑚𝐴
1𝐴
∗
1 𝑦𝑒𝑎𝑟
86400 ∗ 365 𝑠
= 0.340
𝑚𝐴
𝑐𝑚2
 
 
The metal loss rate/corrosion penetration rate, 𝑃𝑟: 
 
𝑃𝑟 =
𝐽𝑟
𝛾𝑠𝑡
=
3.10 
𝑔
𝑐𝑚2 ∗ 𝑦𝑒𝑎𝑟
7.85
𝑔
𝑐𝑚3
∗
1 𝑦𝑒𝑎𝑟
365 𝑑𝑎𝑦𝑠
∗
10 𝑚𝑚
1 𝑐𝑚
= 0.0108
𝑚𝑚
𝑑𝑎𝑦
 
 
The metal loss factor, 𝛼𝑚: 
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𝛼𝑚 =
2𝑃𝑟𝑇
𝐷
=
2 ∗ 0.0108
𝑚𝑚
𝑑𝑎𝑦
∗ 26.5 𝑑𝑎𝑦𝑠
11.3 𝑚𝑚
= 0.0507  
 
The corroded tensile rebar cross-sectional area, 𝐴𝑠𝑐: 
 
𝐴𝑠𝑐 = (1 − 𝛼)
2𝐴𝑠 = (1 − 0.0507)
2 ∗ 200 𝑚𝑚2 = 180.2 𝑚𝑚2  
Corrosion factor, 𝐶𝑓: 
𝐶𝑓 =
5
𝐷0.54(𝐼𝑐𝑜𝑟𝑟𝑇)0.19
=
5
11.30.54 (0.340
𝑚𝐴
𝑐𝑚2
∗ 26.5)
0.19 = 0.889 
The tensile rebar force, 𝑇𝑠: 
𝑇𝑠 = 𝐶𝑓𝐴𝑠𝑐𝑓𝑦  
The concrete compression force: 
𝐶𝑐 = 𝛼1𝛽1𝑓𝑐
′𝑏𝑐 
Assume the top steel is below the neutral axis and has not yielded: 
𝜀𝑠
′ = 𝜀𝑐𝑢 (
𝑑′ − 𝑐
𝑐
) 
where 𝜀𝑐𝑢 is the concrete rupturing strain. 
The tensile force of the longitudinal steel near the beam compressive face,𝑇𝑠
′: 
𝑇𝑠
′ = 𝐴𝑠
′𝐸𝑠
′𝜀𝑠
′  
The sum of the compression forces equals the sum of the tension forces: 
∑𝐶 =∑𝑇  
𝐶𝑐 = 𝑇𝑠
′ + 𝑇𝑠 
𝛼1𝛽1𝑓𝑐
′𝑏𝑐 = 𝐴𝑠
′𝐸𝑠
′𝜀𝑠
′ + 𝐶𝑓𝐴𝑠𝑐𝑓𝑦 
Substituting values, simplifying and solving for 𝑐: 
(0.814)(0.91)(24)(150)𝑐 = (100)(200000) [0.0035 (
42 − 𝑐
𝑐
)] + (0.889)(180.2)(510) 
𝑐2 − 4.388𝑐 − 1102.5 = 0 
𝑐 = 35.5 𝑚𝑚 
Solving for 𝜀𝑠
′: 
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𝜀𝑠
′ = 𝜀𝑐𝑢 (
𝑑′ − 𝑐
𝑐
) = 0.000641 
Solve for the compressive and tension forces and check if ∑𝐶 = ∑𝑇. 
𝑇𝑠 = 𝐶𝑓𝐴𝑠𝑐𝑓𝑦 = 81.7 𝑘𝑁  
𝐶𝑐 = 𝛼1𝛽1𝑓𝑐
′𝑏𝑐 = 94.7 𝑘𝑁 
𝑇𝑠
′ = 𝐴𝑠
′𝐸𝑠
′𝜀𝑠
′ = 12.8 𝑘𝑁  
Since 𝑐 < 𝑑′, 𝜀𝑠
′ < 𝜀𝑦 = 0.002, and ∑𝐶 = ∑𝑇, the assumption is correct. 
Solve the theoretical ultimate moment capacity, 𝑀𝑟: 
𝑀𝑟 = 𝑇𝑠 (𝑑 −
𝑎
2
) + 𝑇𝑠
′ (𝑑′ −
𝑎
2
) = 15.9 𝑘𝑁𝑚  
The maximum load applied at the midspan, 𝑃: 
𝑃 =
2𝑀𝑟
880 𝑚𝑚
= 36.1 𝑘𝑁  
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G.3 RC Beam Strengthened with C-FRCM 
𝑓𝑦 = 510 𝑀𝑃𝑎; 𝑓𝑦
′ = 400 𝑀𝑃𝑎;  𝑓𝑐
′ = 24 𝑀𝑃𝑎; 𝐸𝑠 = 223000 𝑀𝑃𝑎; 𝐸𝑠
′ = 200000 𝑀𝑃𝑎; 
ℎ = 250 𝑚𝑚; 𝑏 = 150 𝑚𝑚; 𝐴𝑠 = 200 𝑚𝑚
2; 𝐴𝑠
′ = 100 𝑚𝑚2;  𝐴𝐹𝑅𝐶𝑀 = 0.047
𝑚𝑚2
𝑚𝑚
; 
𝑛𝑓 = 2 𝑙𝑎𝑦𝑒𝑟𝑠; 𝑤𝑓 = 150 𝑚𝑚; 𝐸𝑓 = 82200 𝑀𝑃𝑎; 𝜀𝑓𝑢 = 0.00888; 𝑑 = 206.4 𝑚𝑚; 
𝑑′ = 42.0 𝑚𝑚; 𝜀𝑐𝑢 = 0.003. 
where: 𝜀𝑓𝑢 is the FRCM ultimate strain. 
 
Figure G.3: C-FRCM strengthened beam: Left to right: cross section, strains, stresses, and forces. 
The modulus of elasticity of concrete, 𝐸𝑐: 
𝐸𝑐 = 4500√𝑓𝑐′ = 22000 𝑀𝑃𝑎  
The distance to the neutral axis from the bottom of the beam (assuming there is no steel 
reinforcement), 𝑦𝑏𝑜𝑡: 
𝑦𝑏𝑜𝑡 =
ℎ
2
= 125 𝑚𝑚  
The gross moment of inertia, 𝐼𝑔: 
𝐼𝑔 =
𝑏ℎ3
12
= 1.95 ∗ 108 𝑚𝑚4  
As seen in Fig. G.4, the distributed dead load of the beam, 𝑊𝐷𝐿: 
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Figure G.4: Solving for the shear and moment from the beam self weight. 
𝑊𝐷𝐿 = 𝛾𝑐𝑏ℎ = 24 
𝑘𝑁
𝑚3
∗ 0.15 𝑚 ∗ 0.25 𝑚 ∗ 2.26 𝑚 = 0.9
𝑘𝑁
𝑚
 
where: 𝛾𝑐 is the density of concrete (𝛾𝑐 = 24 
𝑘𝑁
𝑚3
). 
The reaction at the supports, 𝑅: 
𝑅 = 0.9
𝑘𝑁
𝑚
∗ 2.26 𝑚 ∗
1
2
= 1.017 𝑘𝑁 
Knowing 𝑥 is the distance from the left support in Fig. G.4. The shear force, 𝑉(𝑥) and moment, 
𝑀(𝑥) along the beam are: 
𝑉(𝑥) = 1.017 − 0.9𝑥 
𝑀(𝑥) = 1.017𝑥 − 0.45𝑥2 
The maximum moment, 𝑀𝑚𝑎𝑥 is found where the shear force is zero. 
𝑉(1.13) = 0 
𝑀𝑚𝑎𝑥 = 𝑀(1.13) = 0.575 𝑘𝑁𝑚 
The stress at the bottom of the beam, 𝑓𝑏𝑜𝑡,𝑖 corresponding to the beam dead load is: 
𝑓𝑏𝑜𝑡,𝑖 =
𝑀𝑚𝑎𝑥 ∗ 𝑦𝑏𝑜𝑡
𝐼𝑔
= 0.369 𝑀𝑃𝑎  
The FRCM strain under the beam self weight, 𝜀𝑓𝑖 where there is a maximum moment 
corresponding to the beam dead load is: 
𝜀𝑓𝑖 =
𝑓𝑏𝑜𝑡,𝑖
𝐸𝑐
≈ 0  
𝑊𝐷𝐿 
𝑅 𝑅 
𝑅 
𝑥 𝑉(𝑥) 
𝑀(𝑥) 
𝑊𝐷𝐿𝑥 
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The FRCM longitudinal fibers at the bottom of the beam and partially wrapped up the sides are 
divided into two parts for calculation purposes: 
(1) At the bottom of the beam 
(2) At the sides of the beam 
 
The cross-sectional area of the FRCM at the beam tensile face, 𝐴𝑓1 and the cross-sectional area 
of the FRCM partially wrapped up the sides of the beam, 𝐴𝑓2 are: 
𝐴𝑓1 = 𝐴𝐹𝑅𝐶𝑀𝑤𝑓𝑛𝑓 = 0.047
𝑚𝑚2
𝑚𝑚
∗ 150 𝑚𝑚 ∗ 2 = 14.1 𝑚𝑚2  
𝐴𝑓2 = 𝐴𝐹𝑅𝐶𝑀𝑤𝑓𝑛𝑓 = 0.047
𝑚𝑚2
𝑚𝑚
∗ (75 𝑚𝑚 ∗ 2) ∗ 2 = 14.1 𝑚𝑚2 
The total cross-sectional area of the longitudinal FRCM strengthening, 𝐴𝑓𝑇 is: 
𝐴𝑓𝑇 = 𝐴𝑓1 + 𝐴𝑓2 = 28.2𝑚𝑚
2 
The effective depth of the FRCM at the beam tensile face, 𝑑𝑓1, and the effective depth of the 
FRCM partially wrapped up the sides of the beam, 𝑑𝑓2 are: 
𝑑𝑓1 = 255 𝑚𝑚 
𝑑𝑓2 = ℎ −
75 𝑚𝑚
2
= 212.5 𝑚𝑚 
The effective depth of the total FRCM system, 𝑑𝑓𝑇 is: 
𝑑𝑓𝑇 =
𝐴𝑓1
𝐴𝑓𝑇
𝑑𝑓1 +
𝐴𝑓2
𝐴𝑓𝑇
𝑑𝑓2 = 233.8 𝑚𝑚 
The compressive strain of unconfined concrete, 𝜀𝑐
′  is: 
𝜀𝑐
′ =
1.7𝑓𝑐
′
𝐸𝑐
= 0.00185 
Estimate the distance to the neutral axis from the beam compressive face for iteration 𝑖 = 0, 𝑐𝑖: 
𝑐𝑖 = 0.25𝑑 = 51.6 𝑚𝑚  
The following variables are then solved: 
𝜀𝑓𝑒 = the effective tensile strain in the FRCM at failure; 
𝑓𝑓𝑒 = the effective tensile stress in the FRCM system at failure; 
𝜀𝑐 = concrete compressive strain; 
𝜀𝑠 = the strain of the tensile reinforcement; 
𝜀𝑠
′ = the strain of the longitudinal steel near the compressive face; 
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𝑓𝑠 = the tension steel stress; 
𝑓𝑠
′ = the stress of the longitudinal steel near the beam compressive face; 
𝛽1 and 𝛼1 = the concrete stress block factors 
𝜀𝑓𝑒 = 𝑚𝑖𝑛
{
 
 
 
 𝜀𝑐𝑢 (
𝑑𝑓𝑇 − 𝑐𝑖
𝑐𝑖
) − 𝜀𝑓𝑖
𝜀𝑓𝑢 (
𝑑𝑓𝑇 − 𝑐𝑖
𝑑𝑓1 − 𝑐𝑖
)
= 0.00795  
𝑓𝑓𝑒 = 𝜀𝑓𝑒𝐸𝑓 = 654 𝑀𝑃𝑎  
𝜀𝑐 = (𝜀𝑓𝑒 + 𝜀𝑓𝑖) (
𝑐𝑖
𝑑𝑓𝑇 − 𝑐𝑖
) = 0.00225  
𝜀𝑠 = (𝜀𝑓𝑒 + 𝜀𝑓𝑖) (
𝑑 − 𝑐𝑖
𝑑𝑓𝑇 − 𝑐𝑖
) = 0.00676  
𝜀𝑠
′ = 𝜀𝑐𝑢 (
𝑐𝑖 − 𝑑
′
𝑐𝑖
) = 0.000419 
𝑓𝑠 = 𝑚𝑖𝑛 {
𝜀𝑠𝐸𝑠
𝑓𝑦
= 510 𝑀𝑃𝑎  
𝑓𝑠
′ = 𝑚𝑖𝑛 {
𝜀𝑠
′𝐸𝑠
′
𝑓𝑦
′ = 83.7 𝑀𝑃𝑎 
𝛽1 =
4𝜀𝑐
′ − 𝜀𝑐
6𝜀𝑐′ − 2𝜀𝑐
= 0.780  
𝛼1 =
3𝜀𝑐
′𝜀𝑐 − 𝜀𝑐
2
3𝛽1𝜀𝑐′
2 = 0.927  
The concrete compression force, 𝐶𝑐, force in the longitudinal steel near the beam compressive 
face, 𝐶𝑠
′, tensile rebar force, 𝑇𝑠, and the force in the longitudinal FRCM system, 𝑇𝑓, are: 
𝐶𝑐 = 𝛼1𝛽1𝑓𝑐
′𝑏𝑐𝑖+1 
𝐶𝑠
′ = 𝐴𝑠
′𝑓𝑠
′ = 8.4 𝑘𝑁 
𝑇𝑠 = 𝐴𝑠𝑓𝑠 = 102 𝑘𝑁 
𝑇𝑓 = 𝐴𝑓𝑇𝑓𝑓𝑒 = 18.6 𝑘𝑁 
To solve 𝑐𝑖+1, the sum of the compression forces is equal to the sum of the tension forces: 
𝑐𝑖+1 =
𝑇𝑠 + 𝑇𝑓 − 𝐶𝑠
′
𝛼1𝛽1𝑓𝑐′𝑏
= 43.0 𝑚𝑚 
Solve for the % difference between iterations, %𝐷𝑖𝑓𝑓: 
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%𝐷𝑖𝑓𝑓 =
𝑐𝑖+1 − 𝑐𝑖
𝑐𝑖
∗ 100 = −16.6 % 
This process is repeated until %𝐷𝑖𝑓𝑓 = 0. Some iterations are presented in Table G.1. 
Table G.1: Summary of Solving for the Neutral Axis by the Iterative Procedure 
𝑖 𝑐𝑖 
(𝑚𝑚) 
𝜀𝑓𝑒 𝑓𝑓𝑒 
(𝑀𝑃𝑎) 
𝜀𝑐 𝜀𝑠 𝜀𝑠
′  𝑓𝑠 
(𝑀𝑃𝑎) 
𝑓𝑠
′ 
(𝑀𝑃𝑎) 
𝛽1 𝛼1 𝑐𝑖+1 
(𝑚𝑚) 
%𝐷𝑖𝑓𝑓 
(%) 
1 51.6 0.00795 654 0.00225 0.00676 0.000419 510 83.7 0.780 0.927 43.0 -16.6 
2 43.0 0.00799 654 0.00179 0.00684 0.000044 510 8.7 0.746 0.879 50.6 17.6 
3 50.6 0.00796 654 0.00220 0.00677 0.000374 510 74.8 0.776 0.925 43.7 -13.6 
4 43.7 0.00799 654 0.00183 0.00684 0.000073 510 14.6 0.749 0.886 49.9 14.0 
5 49.9 0.00796 654 0.00216 0.00677 0.000340 510 68.0 0.772 0.922 44.3 -11.1 
6 44.3 0.00798 654 0.00186 0.00683 0.000097 510 19.4 0.751 0.890 49.3 11.2 
7 49.3 0.00796 654 0.00212 0.00678 0.000313 510 62.6 0.770 0.920 44.8 -9.1 
8 44.8 0.00798 654 0.00188 0.00683 0.000117 510 23.3 0.751 0.894 48.8 9.0 
9 48.8 0.00796 654 0.00210 0.00679 0.000292 510 58.4 0.768 0.918 45.1 -7.5 
10 45.1 0.00798 654 0.00190 0.00682 0.000133 510 26.6 0.754 0.897 48.4 7.2 
58 46.8 0.00797 654 0.00199 0.00680 0.000205 510 41.0 0.760 0.908 46.8 0 
 
Therefore, the failure mode is steel yielding (𝜀𝑠 < 𝜀𝑦 = 0.002) followed by FRCM rupture 
(𝑓𝑓𝑒 = 𝑓𝑓𝑢) before concrete crushing (𝜀𝑐 < 𝜀𝑐𝑢). 
Solving the forces and checking the sum of the compression forces is equal to the sum of the 
tension forces (∑𝐶 = ∑𝑇). Knowing 𝑓𝑓𝑢 = 𝑓𝑓𝑒 = 654 𝑀𝑃𝑎 and is the FRCM ultimate stress. 
𝐶𝑐 = 𝛼1𝛽1𝑓𝑐
′𝑏𝑐 = 116.3 𝑘𝑁 
𝐶𝑠
′ = 𝐴𝑠
′𝐸𝑠
′𝜀𝑠
′ = 4.1 𝑘𝑁 
𝑇𝑠 = 𝐴𝑠𝑓𝑦 = 102 𝑘𝑁 
𝑇𝑓 = 𝐴𝑓𝑇𝑓𝑓𝑢 = 18.4 𝑘𝑁 
∴∑𝐶 =∑𝑇 
The distance from the midpoint of the concrete stress block to the beam compressive face, 𝑎: 
𝑎 = 𝛽1𝑐 = 35.6 𝑚𝑚 
The theoretical ultimate moment capacity, 𝑀𝑟: 
𝑀𝑟 = 𝑇𝑠 (𝑑 −
𝑎
2
) + 𝑇𝑓 (𝑑𝑓𝑇 −
𝑎
2
) − 𝐶𝑠
′ (𝑑′ −
𝑎
2
) = 23.1 𝑘𝑁𝑚 
The maximum load applied at the midspan, 𝑃: 
𝑃 =
2𝑀𝑟
880
= 52.5 𝑘𝑁 
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G.4 RC Beam Strengthened with G-FRP 
𝑓𝑦 = 510 𝑀𝑃𝑎; 𝑓𝑐
′ = 24 𝑀𝑃𝑎; 𝐸𝑠
′ = 200000 𝑀𝑃𝑎;  ℎ = 250 𝑚𝑚;𝑏 = 150 𝑚𝑚; 
𝐴𝑠 = 200 𝑚𝑚
2; 𝐴𝑠
′ = 100 𝑚𝑚2; 𝑡𝑓 = 1.016 𝑚𝑚; 𝑛𝑓 = 2; 𝐸𝑓 = 27400 𝑀𝑃𝑎; 𝜀𝑦 = 0.002; 
𝜀𝑓𝑢 = 0.0224; 𝑑 = 206.4 𝑚𝑚;𝑑
′ = 42.0 𝑚𝑚; 𝜀𝑐𝑢 = 0.0035; 𝛼1 = 0.814; 𝛽1 = 0.91 
where: 𝜀𝑦 is the strain at which steel yields, 𝜀𝑐𝑢 is the strain at which concrete crushes 
 
Figure G.5: G-FRP strengthened beam: Left to right: cross section, strains, stresses, 
and forces. 
The cross-sectional area of the FRP at the beam tensile face, 𝐴𝑓1, and cross-sectional area of the 
FRP partially wrapped up the sides of the beam, 𝐴𝑓2, are: 
𝐴𝑓1 = 𝑡𝑓𝑏𝑛𝑓 = 304.8 𝑚𝑚
2  
𝐴𝑓2 = 𝑡𝑓(75 ∗ 2)𝑛𝑓 = 304.8 𝑚𝑚
2 
The total cross-sectional area of the longitudinal FRP strengthening, 𝐴𝑓𝑇 is: 
𝐴𝑓𝑇 = 𝐴𝑓1 + 𝐴𝑓2 = 609.6 𝑚𝑚
2 
The effective depth of the FRP at the beam tensile face, 𝑑𝑓1, and the effective depth of the FRP 
partially wrapped up the sides of the beam, 𝑑𝑓2, are: 
𝑑𝑓1 = 251 𝑚𝑚 
𝑑𝑓2 = ℎ −
75 𝑚𝑚
2
= 212.5 𝑚𝑚 
The effective depth of the total FRP system, 𝑑𝑓𝑇 is: 
𝑑𝑓𝑇 =
𝐴𝑓1
𝐴𝑓𝑇
𝑑𝑓1 +
𝐴𝑓2
𝐴𝑓𝑇
𝑑𝑓2 = 231.75 𝑚𝑚 
The distance to the neutral axis from the beam compressive face for a balanced failure mode, 𝑐𝑏: 
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𝑐𝑏 =
ℎ
1 +
𝜀𝑓𝑢 − 𝜀𝑓𝑖
𝜀𝑐𝑢
= 33.8 𝑚𝑚  
The strain of the longitudinal steel near the beam compressive face, 𝜀𝑠𝑏
′ : 
𝜀𝑠𝑏
′ = 𝜀𝑐𝑢 (
𝑑′ − 𝑐𝑏
𝑑𝑓1 − 𝑐𝑏
) = 0.000846 
Solve for the forces at a balanced failure mode: the concrete compression force, 𝐶𝑐, the force in 
the longitudinal steel near the beam compressive face, 𝐶𝑠
′, the tensile rebar force, 𝑇𝑠, and the 
force in the longitudinal FRP system, 𝑇𝑓: 
𝐶𝑐 = 𝛼1𝑓𝑐
′𝑏𝛽1𝑐𝑏 = 90.1 𝑘𝑁 
𝐶𝑠
′ = 𝐴𝑠
′𝐸𝑠
′𝜀𝑠𝑏
′ = 16.9 𝑘𝑁 
𝑇𝑠 = 𝑓𝑦𝐴𝑠 = 102.0 𝑘𝑁 
𝑇𝑓 = 𝐴𝑓𝑇𝐸𝑓𝜀𝑓𝑢 = 374.1 𝑘𝑁 
Solve for the sum of the compression forces, ∑𝐶, and the tension forces, ∑ 𝑇, at balanced failure. 
∑𝐶 = 𝐶𝑐 + 𝐶𝑠
′  
∑𝐶 = 107.0 𝑘𝑁 
∑𝑇 = 𝑇𝑠 + 𝑇𝑓  
∑𝑇 = 476.1 𝑘𝑁 
Since ∑𝐶 < ∑𝑇, therefore there will be concrete crushing before FRP rupture. 
Solve for the neutral axis depth from the compression face, 𝑐, by assuming 𝜀𝑐 = 𝜀𝑐𝑢, 𝜀𝑠 > 𝜀𝑦, 
𝜀𝑠
′ < 𝜀𝑦, 𝜀𝑓 < 𝜀𝑓𝑢 at 𝑑𝑓1, and the steel near the compressive face is above the neutral axis: 
∑𝐶 =∑𝑇 
𝐶𝑐 + 𝐶𝑠
′ = 𝑇𝑠 + 𝑇𝑓 
𝛼1𝑓𝑐
′𝛽1𝑏𝑐 + 𝐴𝑠
′𝐸𝑠
′𝜀𝑠
′ = 𝐴𝑠𝑓𝑦 + 𝐴𝑓𝑇𝐸𝑓𝜀𝑓 
Substitute 𝜀𝑠
′ = 𝜀𝑐𝑢 (
𝑐−𝑑′
𝑐
) and 𝜀𝑓 = 𝜀𝑐𝑢 (
𝑑𝑓𝑇−𝑐
𝑐
): 
𝛼1𝑓𝑐
′𝛽1𝑏𝑐 + 𝐴𝑠
′𝐸𝑠
′𝜀𝑐𝑢 (
𝑐 − 𝑑′
𝑐
) = 𝐴𝑠𝑓𝑦 + 𝐴𝑓𝑇𝐸𝑓𝜀𝑐𝑢 (
𝑑𝑓𝑇 − 𝑐
𝑐
) 
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Simplifying and solving for 𝑐: 
𝑐2 + 9.923𝑐 − 6183.1 = 0 
𝑐 = 73.8 𝑚𝑚 
Check the assumptions are correct: 
𝜀𝑠 = 𝜀𝑐𝑢 (
𝑑 − 𝑐
𝑐
) = 0.00629 > 𝜀𝑦 ∴ 𝑂𝐾  
𝜀𝑓 = 𝜀𝑐𝑢 (
𝑑𝑓𝑇 − 𝑐
𝑐
) − 𝜀𝑓𝑖 = 0.00749 < 𝜀𝑓𝑢 ∴ 𝑂𝐾  
𝜀𝑠
′ = 𝜀𝑐𝑢 (
𝑐 − 𝑑′
𝑐
) = 0.00151 < 𝜀𝑦 ∴ 𝑂𝐾 
Solve for the concrete compression force, 𝐶𝑐, the compressive force in the longitudinal steel near 
the beam compressive face, 𝐶𝑠
′, the tensile rebar force, 𝑇𝑠, and the force in the longitudinal FRP 
system, 𝑇𝑓. As well, check that ∑𝐶 = ∑𝑇. 
𝐶𝑐 = 𝛼1𝑓𝑐
′𝛽1𝑏𝑐 = 196.8 𝑘𝑁  
𝐶𝑠
′ = 𝐴𝑠
′𝐸𝑠
′𝜀𝑠
′ = 30.2 𝑘𝑁 
𝑇𝑠 = 𝐴𝑠𝑓𝑦 = 102.0 𝑘𝑁  
𝑇𝑓 = 𝐴𝑓𝑇𝐸𝑓𝜀𝑓 = 125.1 𝑘𝑁  
∑𝐶 = 𝐶𝑐 + 𝐶𝑠
′ = 227.0 𝑘𝑁  
∑𝑇 = 𝑇𝑠 + 𝑇𝑓 = 227.1 𝑘𝑁  
∑𝐶 =∑𝑇 ,∴ 𝑂𝐾  
Solve for the theoretical ultimate moment capacity, 𝑀𝑟, knowing the distance to the midpoint of 
the concrete stress block to the beam compressive face, 𝑎. 
𝑎 = 𝛽1𝑐 = 54.5 𝑚𝑚  
𝑀𝑟 = 𝑇𝑠 (𝑑 −
𝑎
2
) + 𝑇𝑓 (𝑑𝑓𝑇 −
𝑎
2
) − 𝐶𝑠
′ (𝑑′ −
𝑎
2
) = 42.2 𝑘𝑁𝑚  
The maximum load applied at the midspan, 𝑃: 
𝑃 =
2𝑀𝑟
880 𝑚𝑚
= 95.9 𝑘𝑁  
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